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ABSTRACT

AUTOMATED MANIPULATION FOR THE
LOTUS FILAMENT WINDING PROCESS

Jeffrey Valjean Anderson
School of Technology
Master of Science

The filament-winding process produces quality consistent composite parts for
many industries. Filament winding allows for consistent quality parts by automating the
winding process. A recent development of filament winding is the Lotus process. The
Lotus process reverses conventional filament winding by leaving the mandrel stationary
and winding composite fiber around the mandrel. The automated Lotus filament-winding
machine is controlled by four-axis control manipulating the Lotus ring around a fixed
mandrel. This allows Lotus filament winding to wind parts that do not have a linear axis.
Lotus filament winding is in its early stages of development. As a second step in
the development of Lotus filament winding a method of automatic part-to-machine
manipulation has been developed. Parts wound on the new automatic-manipulated Lotus
machine have comparable quality and appearance to those made by conventional
winding.
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CHAPTER 1

INTRODUCTION

1.1 BACKGROUND
In the field of composites manufacturing, there are many known processes used in
production of composite parts. One commonly known process used in industry is the
filament winding process. Filament winding produces parts by first winding a fibrous
material around a mandrel to form shapes and coating the matrix with epoxy, and then
curing the part to form the composite. Generally this process is limited to shapes with a
linear axis of rotation because the mandrel is spun as the fiber is placed on the mandrel.
Parts typically made by this process include tubes, tanks, and pressure vessels. Some
other complex parts with non-uniform and non-symmetric cross-section, such as airplane
wings, have been manufactured using filament winding.
However, during the last several years a new development in filament winding
has emerged. An alumnus of Brigham Young University developed a new process
known as Lotus filament winding. Lotus filament winding has broken through the barrier
of single linear axis filament winding. Lotus filament winding, developed by Abe Allen,
allows a manufacturer to wind parts that are curved like the letters in its name, L-O-T-US. This means that the Lotus process is able to wind parts that are curved (like the letter
L), are round and open in the middle (like the letter O), are branched (like the letter T), or
contain multiple curves (like the letters, U and S).
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Lotus winding differs from traditional filament winding because it transfers the
spinning motion of the mandrel to a spinning ring that winds the fiber around a mandrel.
Because the mandrel does not spin this allows the mandrel to be any number of different
shapes. The process involves several key tools: a spinning ring loaded with fiber or
prepreg, a mandrel that filament is wound around to produce a desired shape, and a
method of feeding a mandrel through the opening of the spinning ring. A photograph of
the Lotus ring is shown in Figure 1.1.

Figure 1.1 First prototype of Lotus filament winder

1.2 NATURE OF THE PROBLEM
The Lotus filament winding process is in its early stages of development.
Because the process is in its beginning stages, there are several key developments that
must be completed in order to introduce the process into the mainstream composites
manufacturing industry.
The nature of the problem begins with the need to automate the manipulation
tasks of the Lotus process to produce better quality parts. Abe Allen, the inventor of the
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Lotus filament winding process stated, “When automated the Lotus process can be like an
ideal composites manufacturing process, it can be fast, reliable, inexpensive, and safe. In
its current form as a partially automated machine it can be fast, inexpensive, and sort of
safe, but definitely not yet reliable” (Allen 2004).
Under current circumstances, a mandrel is fed manually through the machine to
wind the fiber around it as shown in Figure 1.2. This yields several different problems.
With no automated control the fibers tend to randomly cross each other often, with no
consistent fiber angle. This leads to non-uniform thickness, voids in the parts, and
reduced strength. A sample hand-guided part is shown in Figure 1.3. These quality
problems must be eliminated to increase the value of the composite parts to be processed
by the machine.

Figure 1.2 Lotus hand feeding

Figure 1.3 Unwanted cross over

The objective of this thesis is to automate the filament winding process in order to
eliminate the problems of quality that it currently has. Automation of this process will
include control of the Lotus ring such that the fiber is laid down in a predictable and
consistent manner. Therefore I will develop a method of automating this process, which
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is the control of the Lotus and mandrel in one plane and control of the rotation of the
Lotus ring, as well as the angle at which the Lotus ring rotates around the mandrel.
The challenge of automating the Lotus process allows for two general solutions of
control. One method is to use a machine to feed the part through the Lotus ring at a
desired speed while maintaining a perpendicular relationship between the mandrel and
the Lotus ring. The second method is to move the Lotus ring around a fixed-position
mandrel.
Part of the difficulty in automating this process using the first method is the need
to control the two ends of the mandrel both independently and simultaneously. For
example, if the process is making an L-shaped part, the paths of the ends of the mandrel
are two different paths that need to be followed and controlled simultaneously in order to
maintain control and accuracy of the winding process. Another difficulty includes the
need to grip the mandrel and part as they are fed through the ring. Gripping and releasing
a partially wound part can lead to part damage. However, the second method of
automating this process - moving the ring along a fixed mandrel - eliminates the need to
control both ends of the mandrel and allows the part to be held in one setup. Another
advantage is that it allows for more accurate control of the perpendicular relationship
needed between the mandrel and the Lotus ring.
Hence, the purpose of this research is to develop the second method of automated
control of the Lotus process. By developing an automated Lotus process, the parts made
by this process will improve in quality and appearance. Features of this process should
include the ability to control the angle at which the mandrel enters the part, the relative
feed rate of the ring around the mandrel, the pitch, and the speed of winding. To achieve
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this objective a machine will be developed to automatically control the path of the Lotus
ring over the length of the part mandrel.

1.3 THESIS STATEMENT
It is possible to automate the Lotus process with accurate control to manufacture
parts that exhibit similar properties to parts made by conventional filament winding.
These properties include uniform thickness, low void content, less undesired fiber
crossover, consistency from part to part, and strength.

1.4 METHOD
The method used to validate the thesis statement will include the following steps.
1) Different methods of automatic work-piece positioning will be evaluated.
2) Automation concepts will be compared for their capabilities.
3) CAD models of possible machine concepts will be made in order to help visualize
the weaknesses and strengths of different concepts as well as serve as guides for
developing a physical machine for producing parts.
4) Designs will be compared and one method of control will be selected.
5) A working prototype Lotus machine will be built.
6) The prototype Lotus machine will be initially tested by making appropriate parts
using ribbon to determine consistency from part to part.
7) Linear and non-linear parts will be manufactured with composite materials.
8) After parts are manufactured, they will be visually inspected for undesired
crossover and general appearance. Parts will then be measured to determine
variation in wall thickness.
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9) Tests will also include destructive tensile tests, and tests to determine void content
based on density and resin weight percentage.

1.5 RESEARCH QUESTIONS
The following questions will be answered by this research.
•

What types of machines are suitable for automating the Lotus filament
winding process?

•

How many and what kind of motors should be used to manufacture the part?

•

What are possible materials available for mandrels used in making curved
parts?

•

Will fibers slip when they are placed on curved portions of the mandrel?

•

Will parts made by Lotus filament winding compare in quality and strength to
conventional filament-wound parts?

1.6 BENEFITS
The benefits of this research include the increased quality of parts manufactured
by the Lotus filament winding process. Part production will also be more uniform and
consistent. With automation, the process will also be able to develop parts quicker than
current partially automated techniques. This will also enable future commercial use of
the Lotus process in production parts.

1.7 DELIMITATIONS
This research cannot develop every possible method of automating the Lotus
filament winding process. Some complex parts will require very complex programming
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of the automated system. To reduce complexity the testing and automating of the process
will be limited to single-plane parts. To reduce the costs and weight of the machine, it
has been decided to build a small Lotus wheel with an inside diameter of 7 inches. Due
to financial constraints, it has been decided to use passive winding of the mandrel. This
means that the rotation of the Lotus ring will wrap the fiber and no motor control will
unwind or recoil the spools of fiber.
Another limitation of this research project includes the cost of constructing the
various ideas for automating the process. This research is limited to building one
prototype machine for comparison with the manual method of producing parts using the
Lotus process and the conventional filament-winding process. However, this research
and development beyond the scope of this thesis will allow the inventor to market his
process to prospective customers.

1.8 GLOSSARY OF TERMS
•

Composite – A combination of a reinforcement material (fiber) and a binding
material (plastic) used each for their material properties.

•

Curing – To heat a material until the point that a hardener reacts with an
epoxy to create a hardened material.

•

Fiber – A strand of material that is continuous. Typical fibers for filament
winding include fiberglass, carbon fiber, and Kevlar.

•

Filament – A synonym for fiber. It is often referred to as filament when it is
part of a composite material consisting of filament and resin.
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•

Filament winding - A process in which resin-impregnated continuous fibers
are wrapped around a rotating mandrel that has the internal shape of the
desired product.

•

Lotus – A name given to the new filament winding process where parts of
non-linear shape can be manufactured.

•

Mandrel – A tool used in filament winding to maintain an internal shape of a
final desired product.

• Prepreg - A composite material where resin and fiber are combined before the
final manufacturing process.
•

Race – A ring-shaped part that contains the shuttle and allows the shuttle to
spin about a central axis.

•

Resin – A material that binds multiple filaments together. This is often a
plastic material.

•

Shuttle – A ring-shaped device that rotates around the mandrel and delivers
fiber.

•

Spool - A tool used to dispense filament onto the mandrel. A spool is a
cylindrical shape around which filament is wrapped.

•

Tow – A general term used to describe a strand of composite fibers used for
filament winding. A tow generally consists of thousands of small fibers.
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CHAPTER 2

REVIEW OF LITERATURE

2.1 INTRODUCTION
The purpose of this chapter is to review and evaluate the traditional filament
winding process, the innovation of the Lotus filament winding process, and to identify
different elements of automation that could be used in this research. This chapter is
separated into two general sections. The first section reviews different aspects of
filament winding processes. The second section discusses different elements used in the
automation of a manufacturing process. This chapter will also include a discussion of the
decisions made in the automation of the Lotus filament winding process.

2.2 DESCRIPTION OF TRADITIONAL FILAMENT WINDING
Filament winding is a common process used in numerous industries throughout
the world. Filament winding processes vary some depending on the product and
capabilities of the manufacturing plant. However, the basics of filament winding are
similar throughout the industry. “Filament winding is a process in which resinimpregnated continuous fibers are wrapped around a rotating mandrel that has the
internal shape of the desired product” (Groover 386). The parts made by the filament
winding process are hollow and typically symmetric about a rotational axis. Layers of
filament are added to produce the desired mechanical properties of the part. Fibers are
laid at various angles to produce the desired properties. Fibers are wound in helical
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winding at angles such as 45°, 30°, and 60°, hoops at 90°, and in the longitudinal, or 0°
direction known as polar winding. A diagram of the traditional filament winding process
can be seen in Figure 2.1.

Figure 2.1 Diagram of filament winding (Courtesy of www.123plastics.com)

2.3 5-AXIS FILAMENT WINDING
Due to the single axis limitations of traditional filament winding, research has
been done to increase the capabilities of the filament winding process. In 1989,
researchers at the University of Nottingham developed a computer model for a 5-axis
filament-winding machine. This modeled machine consisted of a CNC Lathe and a
programmable robot arm. The researchers developed this process to assist manufacturers
in filament winding elbow type joints and T-shaped joints (Allen, 59). Allen states that
some tees and elbows have been made using CNC winding software called CADWIND.
Allen also proposes that these components were made using a setup similar to the process
described by the researchers at the University of Nottingham (Allen, 59). Such shapes
can be seen in Figures 2.2 and 2.3.
10

Figure 2.2 Filament wound tee and elbow shapes using CNC control (Allen, 60)

Figure 2.3 CNC Filament wound tee and elbow shapes used in industry (Allen, 60)

As can be seen in Figure 2.3, the tee and elbow shapes wound by CNC were
primarily used in joints and not part of a continuously-filament-wound part. Allen states,
“This is important to note because the Lotus machine is capable of making objects that
are very complex with multiple elbows and tees throughout, not using component pieces
11

that must be bonded, but using uncut fiber construction, improving overall specific
strength by increasing fiber length, fiber integration and lowering the weight of the final
part by not having to build in overcompensation areas for bonded joints” (Allen, 60).
The disadvantages of adding joints to a composite-wound part are eliminated by use of
the Lotus filament winding process.

2.4 NON-TRADITIONAL FILAMENT WINDING
In recent years, some center-less wheels have been used to wind composite
structures. These processes have primarily been used to wind around existing parts to
increase their strength. These filament-winding machines use a center-less wheel to wind
around such objects as freeway support columns and long support tendons. Similar
methods have been used to wind telephone lines to increase their strength. A filamentwinding machine used to wind freeway support columns can be seen in Figure 2.4.

Figure 2.4 The ROBO-Wrapper I™. A freeway column retrofit filament winder
(Allen, 2004)
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2.5 LOTUS FILAMENT WINDING
The Lotus filament winding process is a new developmental process that reverses
the traditional method of filament winding. Instead of rotating the mandrel, an open
wheel or ring is rotated around the mandrel. The wheel consists of three main parts; the
race, shuttle, and driver. “There is a centerless, openable wheel called a shuttle, that
when closed, is constrained to one degree of freedom by a race. The shuttle spins like a
wheel in the race. The race is the groove that holds the shuttle in its circular course
around a central axis, which is the center of the machine’s work envelope” (Allen, 68). A
diagram of the machine can be seen in Figure 2.5.

Figure 2.5 Diagram of Lotus ring components (Allen, 68)

13

Spool
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Figure 2.6 Lotus machine with spools attached to wind around a mandrel (Allen, 7)

The shuttle and race can each be composed of two semi-circular parts or be two
circular parts. The left side of Figure 2.5 depicts a shuttle and race that can be opened.
The prototype ring constructed by Abe Allen – as seen in Figure 1.1 - works by using a
hub-less wheel that can be opened in order to remove ring shaped or branched mandrels.
The Lotus ring carries two fiber-wound spools around the mandrel to wrap the part as can
be seen in Figure 2.6. The two spools attached to the shuttle passively unwind the fiber
onto the mandrel. Additional photos of the prototype machine can be seen in Figures 1.1
and 1.2. The prototype machine also uses prepreg to wrap the mandrel. Prepreg material
allows the machine to wrap the part without flinging resin around the surrounding area.
In traditional filament winding this is known as dry winding.
Currently the Lotus filament winding process includes very little automation. The
sole motion that is controlled is the rotation of the shuttle in the race. Development of
this process calls for precise control of the mandrel and Lotus ring in order to provide
accurate placement of composite fibers around the mandrel. The prototype ring also spins
in its race with considerable sliding friction, which produces drag and inconsistent speed
of rotation.
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2.6 MANDRELS
Mandrels used in filament winding can range from the very complex to the very
simple. Mandrels can be permanent, reusable, or consumable. They can also be made of
many types of materials. Some of the most common types of mandrels include
collapsible metal mandrels, solid or cored cylinders, inflatable mandrels, and soluble
mandrels. “Collapsible metal (segmented) mandrels are used because they can be reused.
However, these are difficult to remove if the end openings are small” (Strong, 124).
A recent trend in filament winding is to use soluble binder materials for a
mandrel. Soluble binder materials are advantageous because they can be removed
through small openings at the end of the mandrel.
In the production of tanks, inflatable mandrels are often used. Inflatable mandrels
can be removed or kept in the composite tank for a liner. “Another benefit of the
inflatable mandrel is the ability to add pressure as the winding progresses. The inflatable
mandrel also allows the vessel to be cured with an internal pressure that is equal to the
expected operating pressure of the [tank] thus eliminating possible stress cracking during
initial pressurization” (Strong, 124).
Strong also states, “ For open-ended structures the simplest mandrel is usually the
best, and cylinders of cored or solid steel or aluminum are used” (Strong, 124).
Due to the nature of non-linear axis parts created in the Lotus filament winding
process, it is technically difficult to utilize reusable mandrels in the production of parts.
Therefore mandrels used by Lotus filament winding are either made of soluble materials,
permanent mandrels, or a combination of soluble and removable materials. Removable
mandrels include inflatable rubber mandrels and collapsible metal or plastic mandrels.
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2.7 METHODS OF AUTOMATIC WORK-PIECE HANDLING
Automation of work-piece handling refers to the ability to control one or more
objects in space relative to each other or some reference plane or axis. Work-piece
handling can be automated in three theoretical methods. The first method is to
manipulate a tool to form, cut, or change the shape of a work-piece. The second method
is to manipulate a work-piece relative to a tool. The third method is to combine the first
two methods and move both the tool and the work-piece.

2.7.1 Work-piece Manipulation
In manufacturing there are several processes that can be classified as pure workpiece manipulation. Such processes include extrusion of plastics or metals, casting, and
hand lay-up (used in the composites industry). In the process of extrusion, plastic or
metal is forced through a fixed die. This is classified as work-piece manipulation
because the die remains stationary throughout the process. In the casting process, metal
is melted and poured into a fixed die. Therefore, the casting process is classified as a
work-piece manipulation process, because the die remains stationary relative to the workpiece. Hand lay-up uses a fixed die where composite-fiber prepreg is laid on a mold and
then cured. Because only the fiber is manipulated it is also classified as a work-piece
manipulation process.

2.7.2 Tool Manipulation
There are also several processes that can be classified as pure tool-manipulation
processes. These include rotational molding, stamping, cutting, and press forming.
Some composites processes that are tool-manipulation processes include the compression
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molding processes. Tool-manipulation processes are classified as such because the part
is placed in position and the tool creates all the part’s features. In these processes, it is the
machine that moves to make the shape of the part.

2.7.3 Combinations
By far the largest classification includes processes done by a combination of
work-piece manipulation and tool-manipulation. Such processes include turning, milling,
and filament winding. These processes typically have a majority of their manipulation
done by moving the part or the tool and using one or two axes of control to manipulate
the other. For instance, in the turning process, one axis of control is used to rotate the
work-piece, and two axes are used to control the tool. However, a CNC milling process
can use two axes to control the tool – the z-axis and the spindle axis – and two axes to
control the work-piece – the x and y-axes.

2.7.4 Lotus Manipulation
The Lotus filament winding process could use any of the three methods of
automated work-piece handling. In order to automate the Lotus process, the method of
automation used will be to manipulate the tool around the work-piece. This will enable
the mandrel to be completely stationary and reduce the number of aspects that must be
controlled in the filament winding process. A stationary work-piece also creates a more
rigid set-up. Moving the work-piece through the Lotus ring also increases the difficulty
due to the complexity of parts. As determined in Chapter 1, work-piece manipulation
would also introduce the need to handle a partially wound part, which would lead to part
damage such as splitting fiber or moving fiber.
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2.8 CONTROL DEVICES AND METHODS
There are many devices, programs, and methods used in automatic work-piece
handling. This section is intended to give a brief explanation of the available components
used to automate a process. Having awareness of different components available and
their relative advantages and disadvantages, a developer can choose the most suitable
components. The components introduced in this section are components available to
automate the Lotus filament winding process. It will be determined which components
will be best and most cost efficient to control the Lotus process.

2.8.1 Fixed Automation Versus Programmable Automation
Fixed automation is used primarily in systems where a product is going to be
produced in very high quantities. Fixed automation includes physical components that
determine the parameters of the parts being made. Groover states, “The traditional
features of this type of automation include high initial investment, high production rates,
low unit cost if the product is made in sufficiently high quantities, and inflexibility in
accommodating product changes” (Groover, 924). This means that fixed automation has
a tremendous amount of special tooling.
Programmable automation is generally used for flexibility. Typically
programmable automation is used on medium and low production but is also being used
in high production. Programmable automation has the following benefits: (1) it
facilitates installation, (2) improvements and upgrades can be made, (3) the process and
its equipment can be easily monitored, (4) performance and product quality can be
assessed, and (5) human-to-machine interface is more facilitated (Groover, 924).
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Because programmable automation allows for more flexibility in part shape and
products, it will be used in the development of the Lotus machine. Fixed automation
could be used for some aspects of the Lotus filament winding process. If production
needs were high enough for a particular product it would be beneficial to used fixed
automaton to control rigidity and consistency from part to part.

2.8.2 Types of Robots
Robots used in automation come in many varieties. There are two basic types of
robots, servo and non-servo. Servo robots can typically move to various positions along
each axis of control. Non-servo robots only move to the ends of their axes to specified
points set up by hardware.
There are also several basic anatomies of robots but can be designed to any
specific operation or industry. There are five primary anatomies of robots. They are
polar, cylindrical, Cartesian, SCARA, and jointed-arm robots. The process determines
the type of robot used. Jointed-arm robots are used extensively in the automotive
industry for assembly and welding. Cartesian robots are used much like mills and lathes
to position a tool in a XYZ coordinate system. While other robots use XYZ coordinates,
a Cartesian robot can move one axis to move along in one Cartesian plane. Cartesian
robots typically offer good rigidity.
A Cartesian robot will be ideal in the manipulation of the Lotus ring in space. A
Cartesian robot allows for simple programming and reduced error in movement of
different axes. The Cartesian robot used in Lotus filament winding will need to be a 4axis machine. This will enable the ring motion to be controlled in the X and Y directions,
rotate the base of the Lotus ring to maintain perpendicular wrapping of the mandrel, and
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rotate the shuttle. Additional axes could be added but would increase the difficulty of
programming the robot’s motion.

2.8.3 Closed Loop and Open Loop Systems
Open loop is a term used to describe the flow of signals and data within an
electronic system. Open loop describes a system where there is communication in only
one direction. The system is controlled using signals that are sent out to various devices.
However, there is no signal sent back to the controller to verify that the signals were
interpreted and performed correctly. Contrarily, closed loop systems are those where
devices given signals can send a signal back to the controller. Groover also states, “Open
loop systems are less expensive than closed-loop systems and are appropriate where the
force resisting the actuating motion is minimal. Closed-loop systems are normally
specified for machine tools that perform continuous path operations such as milling or
turning, in which the resisting forces can be significant” (Groover, 928-929). Generally,
closed loop systems use motors with optical encoders to detect the motion that a motor
has performed. Closed-loop systems enable a user to interpret errors in a system, control
accuracy, and detect repeatability.
One of the disadvantages of closed loop systems is that components are typically
more expensive and set-up of the systems is more complex. In order to reduce costs and
complexity in the development of a machine that automates the Lotus filament winding
process, an open loop system will be utilized instead of a closed-loop system. Also, the
Lotus process doesn’t include large forces of resistance, which would call for a closed
loop-system.
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2.8.4 DC Motors
There are two common types of motors used in machine tools and automation.
These are DC servo motors and stepper motors. Stepper motors have several advantages
in automation control.
The stepper motor also is ideal for executing a precise angular advance as
may be required in indexing or other automation applications. Stepper motors are
ideal for open-loop operations where the control system gives a specific output
command and expects the system to react properly without monitoring results in a
feedback loop (Asfahl, 47).

Stepper motors can also have analyzers added to them to close the loop and provide
feedback.
DC servo motors are also advantageous in an automated system, especially in NC
machine tools and industrial robots. DC motors are used in a closed loop system and
provide the capability of correcting for error. More sophisticated DC servo motors also
have the capability of applying additional voltage to a motor when motion is lost due to
forces acting contrary to their motion. The additional voltage will be applied at the same
rate that the motion is being lost in order to more accurately control the motor’s
positioning.
Servo motors and stepper motors have one common advantage between them. As
Asfahl states, “One important characteristic of the DC servo motor that is also true of the
stepper motor is that both hold their torque when they come to rest under power.
Therefore, the power is useful not only for rotating the shaft but also for holding it
motionless when no movement is desired” (Asfahl, 47-48).
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Because an open loop system will be used to automate the Lotus process and
forces are low, stepper motors will be used rather than DC servo motors. Another reason
stepper motors will be used is because DC servo motors cost more.

2.8.5 Part Programming
2.8.5.1 Manual Programming
Manual programming is a method of programming the motion of a machine based
on primarily point-to-point operations. Groover states, “For simple point-to-point
machining jobs, such as drilling operations, manual programming is often the easiest and
most economical method. Manual part programming uses basic numerical data and
special alphanumeric codes to define the steps in the process” (Groover, 936).

2.8.5.2 Computer-assisted Part Programming
Computer-assisted part programming was developed to help manufacture more
complex shapes that require multiple input commands. Computer-assisted programming
also enables programmers to input other information about the process such as feed rates,
spindle speeds, tool parameters, and tolerances (Groover, 936). In computer-assisted
programming, no errors in control can be detected until the program has been run. Due to
this limitation, programmers may need to run the process through a dry run to detect
errors prior to production.

2.8.5.3 CAD/CAM-assisted Part Programming
CAD and CAM programming adds the missing aspect to computer-assisted
programming. That missing aspect is the ability to program a machine based on a
drawing of the part that will be manufactured. CAD and CAM programs allow a
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programmer to visually detect errors in their program and fine-tune the programming
parameters to better produce a part. The programmer can typically see how the part will
be made due to a simulation of the process created by the software. This type of
programming also has the benefit of producing more complex parts. With CAD
programs, more complex contours and shapes can be developed. CAM programs can then
interpret those shapes and write code to match the desired complex shapes much faster
than a human can determine the codes needed to run the machine.
Because of the choice of stepper motors and the program developed to run the
stepper motors, the machine that will be built will use a combination of CAD assisted
programming and manual programming.

2.8.6 Components of a Numerically Controlled System
A numerically controlled system includes three basic parts: (1) a part program, (2)
a machine control unit, and (3) processing equipment. “The part program is the detailed
set of commands to be followed by the processing equipment”(Groover, 926). The part
program is the set of instructions given to the machine control unit. “The machine
control unit…is a microcomputer that stores the program and executes it by converting
each command into actions by the processing equipment…” (Groover, 926). Typically
this includes both hardware and software components such as a motion controller and the
software used to interpret code and output signals to motors. The processing equipment
is the machine that is being controlled, such as a mill, robot, or any other manufacturing
tool.
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2.9 LINEAR AXIS MOTION COMPONENTS
There are several methods of moving parts of a machine along a linear axis. For
very precise, accurate control many machine tools use some system of slides and a linear
ball screw. The ball screw also allows the axis of the machine to move smoothly.
Another method of motion control includes the use of rack-and-pinion gears. A circular
gear, the pinion, moves the axis along a linear gear, the rack. If correctly positioned these
gears can also provide accurate control but cost much less than linear ball screws and
slides. The smaller the pinion and size of the gear teeth the more accurately the axis can
be controlled.
Therefore, it has been determined that, due to cost constraints of the research, the
method that will be used to move the Cartesian robot along its axes will be the use of
racks and pinions.

2.10 FIBER SYSTEMS
When designing filament-winding machines it is important to know what type of
fiber the machine will use. Due to the spinning nature of the Lotus filament winding
processes, this study will use prepreg tow, also known as towpreg, to wind sample parts.
Advantages to using Prepreg versus wet winding can be found in Table 2.1.

2.11 CONCLUSION
During the course of research of various aspects of composites manufacturing and
automation methods it was determined that the machine developed for this study will
have the following attributes.
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•

The Lotus ring will be a closed ring in order to provide for smoother and more
accurate rotation of the shuttle.

•

The machine will use stepper motors to control its motion.

•

The control system will be open loop.

•

The robot type used to control the motion of the Lotus ring will be a Cartesian
robot and use rack-and-pinion drives.

•

The machine will use CAD-assisted and manual part programming. The software
available to control the motors allows for a path drawn on computer to be used as
input to program the paths of the X and Y-axes. The two additional axes will
have to be controlled by manually programming the data into the part programs.

•

The machine will have 4 axes of control – X, Y, rotation about the Z-axis – the Caxis, and rotation of the shuttle – the A-axis.
Because of the components that will be used in the development of the Lotus

filament winding machine there will be several improved capabilities. The repeatability,
consistency, and precision of the machine will increase the qualities of parts. The
machine will also be able to follow a precise path that keeps the stationary mandrel
located in the center of the Lotus ring. Keeping a part in the center of the ring increases
the ability to maintain the pitch angle (the angle of the fiber relative to the axis of the
mandrel). Accurate control of the pitch angle and repeatability will reduce the void
content by placing fiber tows side-by-side. This will also lead to more uniform part
thickness and increased strength compared to parts manufactured by hand-manipulation
of the work-piece.
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Table 2.1 Comparison of prepreg, wet, and wet rerolled filament winding
Parameter
Cleanliness
Safety
Fiber Availability

Control of Resin
Content

Prepreg
Best
Best, Fibers and resin
contained
Poor, not all fibers
available, or special
order
Best; constant speed and
viscosity of hot melt

Quality assurance

Highest, can be done in
advance

Complex resin systems

Can use. Hot melts are
available.
Yes

Large data base systems

Graphite fibers
encapsulated
Storage

Pot life
Cycle time

Yes
Might need to be
refrigerated *

Wet Winding
Worst
Worst

Wet Rerolled
Almost equal to prepreg
Little better than wet.

Best. Any fiber that
system can handle

Best; all fibers

Poor, speed of mandrel
and resin viscosity
varies
Worst, Imposes quality
procedures on factory
floor
Very difficult. Requires
complex impregnators.
Wet systems with large
data bases are likely
proprietary
No

Better; process is away
from winder and is
faster
Good, can be done
ahead.
Difficult. Still requires
complex impregnators
Same as wet winding

Easy mix at winder. Dry
fibers have longer shelf
life.
Short, not controllable
Limited control

They are not released at
winder
Must be stored like
prepreg, but for shorter
time.
Same as wet
Limited control

May require special
equipment

All handling of fiber is
under control of the user

Lowest

Above wet but requires
capital equipment
Same as wet

Cost

Longest, can be adjusted
Adjustable, can be
shortest
Depends on
impregnator; can be
least
Highest

Large roving package

Depends on impregnator

Room Temperature
Control
Simple resin
formulation
Winding Speed

Not possible

Whatever is available
dry from fiber sources
Possible

Possible

Necessary

Necessary

Highest. Resin throw
and wetting are not
factors
Highest possible

Lowest Speed

Intermediate. Resin can
be staged to lower resin
throw.
Intermediate. Resin can
be staged
Intermediate

Fiber Damage

Stability on nonLowest. Wet resin may
geodesic path
cause slippage
Composite property
Least
Largest variations
variations
* Prepreg that can be stored at room temperatures are now available.
Source: Peters S. T. (Table 3-4)
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Possible

CHAPTER 3

METHODOLOGY

3.1 INTRODUCTION
As discussed in the previous chapter, several decisions were made about the
components used in the automation of the Lotus process. The Lotus ring will be a closed
ring instead of an open ring in order to provide for smoother rotation of the shuttle in the
race. The machine will also use stepper motors to control its motion along the 5-foot
direction – the X-axis, the 7-foot direction, the Y-axis, rotation about the vertical axis, the
C-axis, and rotation of the shuttle, the A-axis. A drawing of the machine shows the axes
of travel in Figure 3.1.

Figure 3.1 Diagram of machine axes
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The device used to control the motion of the Lotus ring will be a robot similar to a
Cartesian robot and will use rack-and-pinion gears to provide linear motion. The
machine will use a CAD-assisted motion control package as well as manual part
programming to control the C and A-axes. Entering G-code data into a text file and
loading the program into the control software will also control the motion of the machine.
The control system will also use open loop control due to cost restrictions.

3.2 THE NEW LOTUS RING
The original design of the Lotus ring has undergone some alterations and
simplifications. It was determined that the Lotus ring would have more accurate control
if the ring gear used to drive the shuttle were mounted to a bearing which would act as
the race. This design would produce less drag on the shuttle, as it rotates, than the
original design. Because the gear is attached to a bearing it is also closed instead of
divided into two halves like the original Lotus ring. Also the new Lotus ring will be
driven using a small stepper motor. A drawing of the new Lotus ring design can be seen
in Figure 3.2.

Figure 3.2 The new Lotus ring
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3.3 FIBER PLACEMENT PLATE
One of the critical factors in manufacturing filament-wound parts with increased
accuracy and better reliability is accurate placement of the fibers on the mandrel. The
system that was developed needed to include a method to accurately provide tension on
the fiber as it is wound around the mandrel. To accomplish this requirement, fiber
coming off the Lotus ring must be applied as close to the mandrel as possible. The
design allows for adjustments to be made based on the diameter of the mandrel. The
fiber placement plate consists of a flat-plate ring that has two rotating bars mounted on
the outside. The fiber placement plate will allow exchange of fiber spools during the
manufacturing process. Two spools of prepreg tow or ribbon are attached to the bars. In
order to provide tension, two torsion springs are attached to the sides of the mounts for
the spools. A brass bar with a Teflon roller is attached to the springs and provides
pullback tension as the fiber slides over the roller. From the spring-back bar, fiber is
threaded through two steel eyelets with Teflon inserts that are positioned near the outside
of the mandrel. A drawing of the fiber placement plate can be seen in Figure 3.3.

Figure 3.3 Fiber placement ring
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3.4 LOTUS CARRIAGE
Another critical factor in manufacturing a curved portion of a filament wound part
is the ability of the Lotus ring to maintain perpendicularity. A large gear ratio was used
to provide smooth, precise control of the rotation of the Lotus ring. The Lotus carriage
consists of two plates separated by 1.5” spacers. Between the two plates a 6” gear is
attached to a rotating shaft mounted on two plain bearings as seen in Figure 3.4. A motor
is then placed 45 degrees from the edge of the bottom plate. A small gear is then
mounted to the motor shaft to drive the large gear. A plate is welded to the top of the
shaft, which is mounted to the top plate by a turntable bearing. Attached to the bottom
plate of the carriage are eight wheels – four wheels mounted on the bottom of the plate
and four mounted on brackets on the outside of the plate. Three additional brackets
mount two bearings and a motor. The motor drives a shaft with two pinion gears that
travel along the Cartesian robot frame, seen in Figure 3.5. A photograph of the Lotus
carriage can be found in Figure 3.6.

Small pinion gear

6” Gear

Figure 3.4 Gears used to rotate Lotus ring.
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Figure 3.5 Photograph of rack and pinion gears

Figure 3.6 Carriage of Lotus filament winding machine

3.5 CARTESIAN ROBOT CONTROL
In order to provide motion of the Lotus ring in one plane a simple Cartesian robot
was constructed. The Cartesian robot consists of two frames – a small frame that rolls on
a larger frame. The smaller frame is 1ft by 5ft, seen in Figure 3.7. The larger frame is 5ft
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by 7ft, seen in Figure 3.8. The smaller frame rolls on the larger frame much like the
carriage rolls on the small frame. It has four wheels mounted on the corners and four
wheels mounted on brackets along the side. It also has three brackets that mount two
bearings and the fourth motor. The motor has a shaft coupled to it that drives two pinion
gears down racks attached to the underside of the 7ft lengths of the large frame. Four
legs are attached to the four mounting posts on the inside of the larger frame. The legs
also have adjustable feet to level the machine on uneven surfaces. A photograph of the
Cartesian robot frames and Lotus carriage can be seen in Figures 3.7 and 3.8.

Figure 3.7 1’ by 5’ frame of Lotus filament winding machine

Figure 3.8 5’ by 7’ frame of Lotus filament winding machine
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3.6 FIXTURING
One of the critical factors in manufacturing quality filament wound parts is
rigidity. It is important to create rigid fixtures to mount the mandrel for winding so that
fiber placement is accurate and repeatable. In order to increase rigidity, a framework was
developed to hold mandrels in a horizontal plane in the center of the Lotus ring. The
framework consists of three posts placed in the corners of the machine. Each post has a
section of square tubing, which acts as a bracket, attached to the top of the post. One of
the three posts has a 90-degree elbow configuration of the square tubing brackets, in
order to accommodate two intersecting support beams. Then two sections of smaller
square tubing support beams are inserted into each of the brackets on the tops of the
posts. Two mandrel clamps are attached to each smaller square tubing section. A
drawing of one type of configuration can be seen in Figure 3.9.

Figure 3.9 Fixture configuration for an L-shaped part.
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3.7 TESTING METHODS
In order to show that a machine-fed system produces better quality parts than a
hand-manipulated system, several tests will be conducted during the building of the
machine and after it is complete. This results in three stages of testing. The first stage of
testing is done during construction of the machine to help fine tune errors in the winding
process. Machine parts are tested and factors that contribute to inconsistency and
incorrect fiber placement are eliminated. In order to reduce the costs of testing during the
construction of the machine, plastic party ribbon, which is twice the width of the
fiberglass prepreg tow, will be used to wind around a solid metal mandrel. This will
allow for quicker set-ups and modifications to be made to the machine.
During the first stage of testing a straight, one-inch diameter test mandrel will be
wound in both forward and reverse directions. Parts will be visually inspected for gaps
and overlap in the winding process. Eliminating as many wrapping defects in this stage
of the process is key to producing better quality test parts. Each spool on the fiber
placement plate is loaded with a different color to help visualize defects and determine
which spool assembly may be causing the problems. Photographs of the process will be
shown in the following chapter.
The second stage of testing will include tests done on composite test parts made
by the Lotus process. Filament wound parts will be made of fiberglass and carbon-fiber
composite prepreg. The parts made in this stage will be made to determine the ability of
the machine to wrap composite material.
During the third stage of testing multiple filament-wound parts will be made for
testing of part properties. These filament-wound parts will then be tested for uniform
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fiber content, wall-thickness, void content, density and tensile strength. Lotus-wound
parts will be produced in three basic shapes for testing; a six-inch long straight tube with
a one-inch section of increased thickness at each end, a 12-inch straight tube and a curved
tube. The straight section of tubing will measure 6 inches in length and 1.05 inches in
diameter and will be comprised of four layers of composite material. During stage 3,
four parts of the six-inch-long configuration and two of the 12-inch straight tube will be
made of a fiberglass-epoxy composite in three layer configurations. Layer configurations
consist of a part consisting of four alternating 90º layers, [90]4, four alternating 45º
layers, [±45]2, and a combination of a 90º layers interspersed by two alternating 45º
layers, [90/±45/90]. The notation following each layer description will be used
throughout the remainder of this thesis to refer to each configuration. The longer
filament-wound test parts will be used for testing part density, fiber content, and void
content and the six-inch straight test parts will be used for tensile tests.

3.7.1 Fiber-content Testing
Filament-wound parts usually have higher void-content than autoclaved parts.
This occurs because filament winding is typically reserved for large parts that would not
fit in an autoclave. “Laminate void and fiber content have important effects on properties
which are significantly influenced by the resin system, such as transverse shear strength,
in-plane compressive strength, transverse tensile strength, etc.” (Peters, 7-5). One
technique that can be used to test for void and fiber content is outlined in ASTM D-2734.
This standard also references ASTM D-792.
ASTM D-792 is the standard test method for finding density and specific gravity
of plastics by displacement of fluid. Finding the density and the specific gravity will
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yield data that can be used in the ASTM D-2734 tests. Summarization of ASTM D-792
states, “Determine the mass of a specimen of solid plastic in air. It is then immersed in a
liquid, its apparent mass upon immersion is determined, and its specific gravity (relative
density) calculated” (ASTM, v8.01, p.159). The key technique to be used in this thesis is
measuring the density of a test sample.
ASTM D-2734 is the standard test method for determining void content of
reinforced plastics (composites). The ASTM Test Manual summarizes this test by
stating:
The densities of the resin, the reinforcement, and the composites are measured
separately. Then the resin content is measured and a theoretical composite
density calculated. This is compared to the measured composite density. The
difference in densities indicates void content (ASTM v8.02, p.111).
The manual also states that “a good composite may have 1% voids or less, while a poorly
made composite can have a much higher void content” (ASTM v8.02, p.111). A
measurement of 1% void content will be a benchmark for the testing of the Lotus
filament-winding machine. As described in the manual, void content is found by using
the following equation and variables.

V = 100 − M d (

r
g
+ )
dr dg

(3-1)

V = void content volume %
Md = measured density
r = resin, weight %
g = glass, weight %
dr = density of resin
dg = density of glass
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A sample calculation of void content using Equation 3-1 can be seen below. In this
equation resin weight percentage is given in percent value instead of decimal value. The
units given for the density of the resin and glass, and the measured density are given in
grams per cubic centimeter.

⎛ 23.7%
76.3% ⎞
⎟⎟ = 5.69%
V = 100 − 1.9173 g / cc⎜⎜
+
⎝ 1.208 g / cc 2.58 g / cc ⎠

(3-2)

Sample parts of straight tubing will be tested using this method. Two parts made
on a conventional filament winder and two parts made on the Lotus filament winder, in
each of the three configurations, will be tested for void content. Each of the tubes will be
cut into three, three-inch sections to test consistency down the length of the part. To
reduce variability, the test parts will be made from the same spool of prepreg material.
This will ensure similar weight percentage of resin from sample to sample and similar
density of materials.

3.7.2 Wall Thickness
Uniform wall thickness is a factor that demonstrates consistency and repeatability
of filament-wound parts. When a part has uniform wall thickness it is more likely that
the filament-wound part has decreased amount of overlap and crossover of fibers.
Testing wall thickness can also determine what other defects might exist in a filamentwound tube.
Due to the length of the samples used in testing, wall thickness of the samples
would be difficult to measure. Therefore tube-shaped parts will be measured for surface-
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height variation at equal increments of .150” down the length of the test parts for a total
length of nine inches. Comparisons will be made between test specimens to determine
repeatability. The results from conventional filament-wound parts and Lotus filamentwound parts will be compared to determine the capability of the Lotus filament-winding
machine.
Standard practices for measuring filament-wound fiberglass pipe and fittings are
found in ASTM 3567-97.

ASTM 3567-97 states that wall thickness of 0.20 inches or

less are measured using a spherical anvil micrometer. Therefore a smaller sample part
from each 12-inch sample part will be measured for average wall thickness for the entire
length of part.
The results from each test will determine the ability of the process to produce
parts within specifications. According to ASTM D 3262-03, the average wall thickness
of a part shall not be less than the nominal wall thickness. Because the parts made for
testing have no predetermined nominal wall thickness, the average wall thickness will be
designated as the nominal wall thickness. ASTM 3263-03 also states that for standard
filament-wound pipe, for non-pressure applications, the wall thickness at any point in the
part shall not be less than 87.5% of the nominal wall thickness. Therefore, an average
wall thickness for each sample part will be multiplied by 87.5% to determine if the
sample parts fall within standard specifications.

3.7.3 Tensile Tests
Parts made by the filament-winding process are often cylindrical in shape. The
six-inch long parts described earlier will be used to measure the tensile properties of each
winding process. “The thin-walled tube is a desirable test specimen in that it provides a
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laminate which accurately represents filament wound parts. To test unidirectional ply
properties, the tube may be wound with hoop fibers only…”(Peters, 7-8)
To test the tensile strength of the wound tubes, straight sections will be tested in
tension. Test samples will consist of the three basic laminate configurations: [90]4,
[±45]2, [90/±45/90], made of fiberglass and epoxy composite. Each of the parts will be
pulled in an Instron tensile testing machine. The stress and elongation of each sample
will be collected and plotted. A comparison will then be made between the sample parts
made by conventional filament winding and those made by Lotus filament winding. The
parts made by the conventional filament-winding machine will be of similar size,
material, and layer configuration. The conventional filament-winding machine in the
plastics lab at Brigham Young University will be used to make these parts.

3.7.4 Non-linear Axis Parts Testing
Because of the unique shapes of Lotus filament-wound parts, it is not simple to
test the differences of curved parts made by Lotus filament winding versus conventional
filament winding. Conventional filament winding is typically limited to straight tubes
and cannot make the curved shapes made by Lotus filament winding. Therefore, six,
curved test samples will be made for testing. These parts will have the same layer
configuration as the other test parts. The part dimensions will be a curved 90-degree
elbow with a centerline radius of 5.54”, and a tube diameter of 1.33”. According to
standard practice described in ASTM D 3567-97, parts will then be cut in one-inch
increments down the length of the part. Each test sample’s thickness in each one-inch
increment will be measured to determine the difference in thickness between the outside
wall of the elbow and the inside wall of the elbow. From the result obtained above, an
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observation will be made between the two test samples of each layer configuration to
determine the repeatability of the process.
ASTM D 3567-97 states that a report must be given of the minimum and
maximum wall thickness and the calculated average total wall thickness. It also states
that average wall thickness should include at least four measurements approximately
equally spaced around the circumference. Measurements of wall thickness will be
analyzed to determine if any wall thickness measurement of the inside wall and outside
wall is less than 87.5% of the average wall thickness for its respective area. ASTM D
3562-03 states that the wall thickness cannot be less than 87.5% of the nominal wall
thickness. However, due to the very thin walls of the sample parts, the average thickness
of each wall will be used to determine if any area falls outside the tolerance limit.

3.7.5 Visual Inspections
When parts are made by filament winding, visual quality of the part is often
important in the marketability of the product. Visual inspections can also lead to
discovery of weaknesses. Visual inspection will include detection for gaps between
fibers, inclusions, surface finish quality, and fiber twisting. When glass fibers are placed
correctly, the manufactured parts will appear transparent and fiber orientation will be
difficult to detect. Errors will appear where the fiber is incorrectly placed around the
mandrel in the form of decreased transparency and white lines.

3.8 CONCLUSION
The tests described in this chapter will be done to 1) improve the Lotus filament
winding machine, 2) determine its capabilities, 3) practice making filament wound parts,
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4) check for errors in the process, 5) make test samples for testing of the Lotus filament
winding process and conventional filament winding process, and 6) compare those
samples between processes and between samples in the same process.
The physical tests will be done to determine wall thickness by measuring
variation in the surface height, void content based on density and fiber percentage, and
tensile strength. These tests will be done to compare the Lotus filament winding process
with the conventional filament winding process.
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CHAPTER 4

RESULTS

4.1 INTRODUCTION
As part of the analysis of the automated Lotus filament-winding machine, it was
determined that the results of testing would be divided into three main categories. The
first category of test results is a section that details the capabilities of the machine,
including maximum travel in the machines axes, the maximum speeds available, and the
maximum part dimensions that can be manufactured.
The second category of results includes a brief discussion of tests that were
conducted to determine design optimization and machine error. This will discuss briefly
errors that occur during the manufacturing process.
The third section of results includes data gathered by physical tests done on the
test parts described in Chapter 3.

4.2 MACHINE CAPABILITIES AND LIMITATIONS
4.2.1 Machine Travel
Upon construction of the machine it was decided that the overall machine should
occupy a floor space of 5 feet by 7 feet. This was decided so that machine travel space
would be approximately 4 feet by 6 feet. The following Table 4.1 lists the maximum
travel of the machine in each of its axes.
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Table 4.1 Maximum travel of machine axes
Machine Axes
Maximum Travel
X – Axis
44” (3ft 8in)
Y – Axis
61.5” (5ft 1.5in)
A _ Axis
Infinite Revolutions
C – Axis
±180°

It was determined that a safety zone of 2 inches in both directions of the X and Y travel
would help to prevent machine crashes.

4.2.2 Machine Speeds and Feeds
4.2.2.1 Machine Speeds
Each axes has an independent speed capability and dependant feed capabilities.
These capabilities are dependant on the motor tuning configurations of the machine. It
was determined in the design of the machine, that one unit of input in the code for the x
and y is equal to one inch of actual travel. In the case of the A axis, a positive input of
one unit of travel was equal to one revolution of the axis in the counter-clockwise
direction when the spools face the user. If a unit of one is moved in the C direction the C
axis will move 10 degrees. By using a unit of 10 degrees instead of one degree, the
machine was then capable of higher feed rates during motion that includes the C axis.
The following chart, Table 4.2, is a list of the maximum speeds that each axes is
capable of when it is the only axis in motion and its corresponding input feed rate.
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Table 4.2 Machine feed rates and maximum axis speeds
Machine Axis
Input Feed Rate
Maximum Speed
X – Axis
600 units/min
10 in/s
Y – Axis
600 units/min
10 in/s
A – Axis
60 units/min
1 rev/s
C – Axis
2700 units/min
1.25 rev/s

4.2.2.2 Dependant Feed Rates
In order to better control the motion of the machine it was determined that the
primary axis of control would be the A axis. This allows the user to know the rate at
which the material is being wound around the mandrel.
Feed rates are determined by a limiting axis. The limiting axis is the axis of
slowest velocity. The limiting axis is determined by the angle at which the material is
wrapped around the mandrel. At high angle wraps, the limiting axis is the A-axis. As the
winding angle decreases, the limiting axes shift to the linear axes (X and Y). And as nonstraight paths are followed, the C-axis becomes the limiting axis.
For instance, if the machine wraps one revolution per inch in the X-direction then
the distance of one inch traveled in the X direction is accompanied by one rotation.
When the X-axis distance in inches is equal to A-axis number of rotations in that
distance, the resulting speed of each axis will be equal to the feed rate input in the line of
G-code. So when a G-code line is entered that resembles, “G1 X1 A1 F60”, where G1
represents a linear interpolated movement, X1 represents movement of 1 inch in the
positive X direction, A1 represents one rotation of the shuttle, and F60 represents the
input feed rate, the X-axis and A-axis will both move at a feed rate of 60 units/min or 1
unit per second. This relationship yields Equations 4.1 and 4.2 for determining resultant
velocity and maximum feed rate as seen below, where Dx represents the distance traveled
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in the X-direction, Da represents the number of revolutions of the shuttle, Vx represents
the velocity of the X-axis, and Va represents the velocity of the A-axis. Given the known
distance and rotations traveled and the velocity of one axis, it is possible to find the
velocity of the remaining axis. To find the maximum feed rate, Fmax, of the X-axis or
Y-axis the resultant velocity equation is rearranged and a value of 60 in/min (the
maximum velocity of the A-axis) is inserted for Va.

Dx Vx
=
Da Va

F max =

(4-1)

Dx
(60in / min)
Da

(4-2)

From these formulas a resultant input feed rate can be calculated so that the Aaxis will always travel at the desired velocity. For instance, if a desired velocity of 30
rev/min is desired for the A-axis, the user will determine the feed rate to be used in the Gcode line by dividing the distance the X-axis will travel by the number of rotations the Aaxis will make and multiplying by the desired A-axis velocity of 30 rev/min. This is
represented in the following equation where Dxy is the distance the x-axis or y-axis
travels in inches, “Va, desired” is the desired velocity of the A-axis in rev/min, and Da is
the number of revolutions the A-axis is to make over the X-distance.

InputFeedRate =

Dxy
(Va, desired )
Da

(4-3)
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For example, if the X-axis is to move 100 inches while the A-axis makes 20
revolutions at a rotational speed of 30 revolutions per minute, the input command to the
X-axis would be found by the inserting the values into Equation 4.3 as shown below.

InputFeedRate =

100in
(30rev / min) = 150units / min
20rev

(4-4)

This calculation results in an input feed rate of 150 units/min that would be
entered into the line of G-code as F150. In this example the A-axis is the limiting axis.
If the answer to Equation 4.3 is less than the desired feed rate of the A-axis, then insert
the desired feed rate of the A-axis into the line of G-code.
When more than two axes are traveling at the same time it becomes necessary to
repeat this process for each axis in relation to the A-axis and input the highest resulting
feed rate from the calculations or the A-axis velocity if it is greater than the rest. The
resultant velocity of the A-axis differs considerably during a non-linear path due to
varying velocities of the X and Y-axes. This affects the desired feed rate for the A-axis
by as much as a 25% drop in speed. When the C-axis moves during a non-linear path it
typically becomes the limiting axis. The C-axis becomes a limiting axis when it moves
fewer units (10 degrees = 1unit) than the A-axis, in the same time period.

4.2.3 Maximum Mandrel Capabilities

The size of mandrel that can be wound is determined by several factors of the
design of the machine. A circle that encompasses the final part shape determines the
maximum outside dimensions of a linear axis mandrel. The circle can be no larger than 4
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inches in diameter. However, when the diameter of the mandrel increases, the ability to
wrap non-linear axis mandrels decreases. The machine compensates for increasing
diameters by increasing the space between the mandrel and the eyelet arms. The eyelet
arms can also be turned at an angle to allow for a larger mandrel. A configuration for a
4” diameter mandrel can be seen in Figure 4.1

4” diameter

Figure 4.1 Diagram of maximum outside diameter of mandrel

The maximum mandrel diameter must also take into consideration the number of
layers of material that will be placed on the mandrel. The minimum mandrel curvature is
determined and limited by the length of the eyelet, from the base of the threaded portion
to the outside of the loop. This distance in the current design is equal to 2.25”. A
diagram showing this limitation can be seen in Figure 4.2. The sizes of the spools also
become a factor depending on the configuration of the part. At the maximum mandrel
diameter of 4” the ability of the machine to go around a curved portion of any degree
approaches 0% capability. With a mandrel shape of a 90 degree elbow and one inch
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diameter, the minimum radius becomes the distance between the center of rotation to the
outside the spools, which is equal to 1.25 inches. This can also be seen in Figure 4.2. In
this configuration the eyelets must be moved away from the sides of the mandrel, which
increases the probability of poor fiber placement. Thus the ability to go around curves is
dependent on the distance the eyelets are from the mandrel and then the distance the
spools are from center of rotation of the machine. There is no limitation to a maximum
curvature of 90-degree elbow.

Figure 4.2 Minimum mandrel curvature

The distance from the center of the mandrel to the edge of the race mounting plate
determines the limitations of the Lotus filament-winding machine for U-shaped mandrels.
This distance is 7 inches. Thus the inside maximum radius of a U-shaped mandrel is
approximately 7 inches minus one half the mandrel diameter all divided by two. A
diagram of a sample 1” diameter tube U-shaped part is shown in Figure 4.3.
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Figure 4.3 Minimum U-shape radius

4.3 STAGE 1 TEST RESULTS AND ANALYSIS
The most critical design factors of the machine include all the components that
manipulate the fiber around the mandrel. These components are comprised in the spool
plate attachment. During the course of development of the machine, three types of fiber
placement plates were designed. It was determined after repeated testing that the third
design, seen in Figure 4.4, worked most efficiently in placing the fiber correctly around
the part.
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Figure 4.4 Final spool plate design

The final test results for the third design iteration resulted in consistent wrapping
of ribbon around a two-foot length of tubing. Photographs of the resulting 6 layers can
be seen in Figures 4.5 – 4.10 below. An overlapping defect can be seen in Layer 1. The
eyelet arm became loose during the wrapping process and caused this defect. It was
tightened and the machine continued to wrap correctly. Layer 4 is wrapped at a 45degree configuration.

Figure 4.5 Layer 1 of ribbon-wound mandrel

Figure 4.6 Layer 2 of ribbon-wound mandrel
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Figure 4.7 Layer 3 of ribbon-wound mandrel

Figure 4.8 Layer 4 of ribbon-wound mandrel

Figure 4.9 Layer 5 of ribbon-wound mandrel

Figure 4.10 Layer 6 of ribbon-wound mandrel

Tests were also conducted to determine the ability of the machine to wrap around
a curve. The curved mandrel used was a 1-inch diameter electrical conduit elbow with
two straight portions on each end of the elbow. It was determined that the machine can
correctly wind around bends as designed. A photograph of a ribbon-wound elbow can be
seen in Figure 4.11.
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Figure 4.11 Ribbon wound elbow – 45-degree wrapping angle

4.4 STAGE 2 TEST RESULTS
The tests conducted in stage two were performed to determine if the configuration
for the spool design would work for composite prepreg tows. Initial tests showed that too
much friction was occurring between the fiber and the spring bar and brass eyelets. It
was determined that the brass eyelets needed to be replaced with Teflon eyelets and the
brass spring bar would include a .5625” diameter rolling Teflon bar surrounding it. This
reduced friction and resulted in less fiber breakage. Tests were first done on the elbowshaped mandrels. The elbows that were tested were one-inch diameter 90-degree elbows
with a centerline radius of 5.98 inches. Photographs of the resulting elbows can be seen
in Figures 4.12 – 4.14.
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Figure 4.12 Carbon fiber wound elbows – 90 degree (left) and 45 degrees (right)

Figure 4.13 Photograph of fiberglass wound elbow – 90 degrees

Figure 4.14 Photograph of fiberglass wound elbow – 45 degrees

54

The second stage of testing demonstrated that the machine was working properly
and laying down fiber in a consistent and reliable manner. It was observed that Lotus
machine could follow closely a curved path and wrap desired angles. Experimentation
also led to the discovery that the number of wraps for a 45-degree layer was determined
by the width of fiber at the specified angle. Dividing one-half of the circumference of the
part by the width of the fiber equals the number of layers to wrap.

4.5 STAGE 3 TEST RESULTS
The third stage of testing includes all testing done to compare the physical test
results of parts made using the Lotus filament winder to those of parts wound on a
conventional filament-winding machine. The conventional filament-winding machine
used for this experimentation was located in the plastics lab in the Snell Building on
BYU campus. The results will be categorized into the four tests described in Chapter 3.
These tests are surface level variation, resin content percentage, void content percentage,
and tensile tests. Tests were done to compare results between parts made on the same
machine, parts made on different machines, and consistency within one part.

4.5.1 Surface Level Variation

To test variation throughout a part and to compare the two processes, two parts of
identical programming were made for three fiber layer configurations and fabricated on
the two machines. This results in 12 parts that were measured using a dial indicator
along the length of the each part for 9 inches. A photograph of a sample part used during
this test can be seen in Figure 4.13. The results have been graphed and normalized to
account for any tilting of the parts within the fixture. These graphs can be seen in Figures
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4.14 through 4.25. Note that each part has been divided into three sections, A from 0
inches to 3 inches, B from 3 inches to 6 inches, and C from 6 inches to 9 inches.
Also the points that vary the most from the average are highlighted in each graph.
As described in Chapter 3, ASTM D 3262 – 03 states that any wall thickness that is less
than 87.5% of the nominal wall thickness, which cannot be smaller than the average
thickness, is considered out of acceptable range. Average wall thickness was measured
taking four readings using a spherical anvil micrometer. Each point that falls below 87.5
percent of the average thickness is determined as below the accepted limit and is depicted
by a red line on the graph.

Figure 4.15 Part shape for surface level variation tests
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Figure 4.16 Surface level variation – Lotus [90]4 – Sample 1
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Figure 4.17 Surface level variation – Lotus [90]4 – Sample 2
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Figure 4.18 Surface level variation – Lotus [±45]2 - Sample 1
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Figure 4.20 Surface level variation – Lotus [±45]2 – Sample 2
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Figure 4.19 Surface level variation – Lotus [90/±45/90] – Sample 1
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Figure 4.21 Surface level variation – Lotus [90/±45/90] – Sample 2
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Figure 4.22 Surface level variation – Conventional filament wound [90]4 – Sample 1
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Figure 4.23 Surface level variation – Conventional filament wound [90]4 – Sample 2
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Figure 4.24 Surface level variation – Conventional filament wound [±45]2 – Sample 1
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Figure 4.25 Surface level variation – Conventional filament wound [±45]2 - Sample 2
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Figure 4.26 Surface level variation – Conventional filament wound [90/±45/90] Sample 1
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Figure 4.27 Surface level variation – Conventional filament wound [90/±45/90] Sample 2
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From the results in the previous pages it can be observed that the range of
variation of surface finish is slightly greater in the case of the conventional filament
wound parts. It can be seen that the ranges of variation of the Lotus filament wound parts
are from average high point of each section to average low point of each section was 5.28
to –5.57 thousandths of an inch. For the Conventional filament winder the average
variations were 9.36 to –11.62 thousands of an inch. It can also be observed the two
sample parts of the [±45]2 layer configuration have a gentle bow shape to the part. This is
a result of buildup of material as the filament-winding machine slowed its axes and
changed direction. It was observed that the conventional filament winder had a larger
eye that placed the fiber around the mandrel. Another difference between the two
processes is that the Lotus filament winder placed two tows at once, but the conventional
filament winder only placed one tow.
The surface level variations tests show that there was some significant difference
in the range of variation between Lotus parts and conventional parts. Data suggests that
the [±45]2 wraps exhibited a larger range of surface variation in the conventional parts
than the Lotus parts. The path programming for the conventional filament wound parts
calculated a gradual change to a higher angle before changing direction down the part.
The Lotus filament winder had a quicker change to a higher angle.
Results also indicate that the parts made by the Lotus filament winder of the
[90/±45/90] configuration showed the best surface finish and had the fewest points below
the 12.5% red line.
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4.5.2 Density Tests

In order to further compare the Lotus filament winding process with conventional
filament winding, the densities of sample parts were measured using ASTM D-792.
ASTM D-792 measures the density of a part by measuring its specific gravity in water.
Some variation from the standard had to be made to measure the density of a tube shape.
Because of the unique shape of the test samples, parts were dropped into a beaker with a
side nozzle. The water that was displaced by the part was caught in a beaker and
weighed to determine its mass. By knowing the density of the water, it was possible to
determine the volume of the samples. Due to the unique shape of the parts, it was
difficult to remove all the air bubbles from the parts. Some degree of error should occur
due to this difficulty. However, because the two processes are being compared, and the
testing was done identically for each sample part, the data can more importantly be
analyzed for comparison instead of accuracy. A photograph depicting the sample shape
and size for the density tests, void content tests, and resin percentage tests are shown in
Figure 4.28. Table 4.3 and Table 4.4 show the density of each sample part, the average
density along the length of the nine-inch part, and the average density for each process.
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Figure 4.28 Test sample size for density, void content, resin % tests.

Table 4.3 Lotus filament-wound
density results
Lotus
[90]4
Sample 1
Lotus
[90]4
Sample 2
Lotus
[±45]2
Sample1
Lotus
[±45]2
Sample 2
Lotus
[90/±45/90]
Sample1
Lotus
[90/±45/90]
Sample 2

Table 4.4 Conventional filamentwound density results

1.91739 Average
1.893279 1.908515
1.914878 g/cc
2.020037 Average
1.914449 1.943179
1.895049 g/cc
1.925025 Average
1.933055 1.916372
1.891035 g/cc
1.936007 Average
1.881828 1.940425
2.003438 g/cc
2.061473 Average
1.95804 1.930201
1.930209 g/cc
1.994579 Average
1.824488 1.915802
1.928338 g/cc

Average Density 1.9346

Conventional
[90]4
Sample 1

1.95845 Average
1.905054 1.903226
1.846175 g/cc

Conventional
[90]4
Sample 2

1.93249 Average
2.018545 1.962879
1.937601 g/cc

Conventional
[±45]2
Sample1

2.012408 Average
1.931411 1.94384
1.8877
g/cc

Conventional
[±45]2
Sample2

1.968038 Average
1.847372 1.905988
1.902553 g/cc

Conventional
[90/±45/90]
Sample1

1.920735 Average
1.945827 1.972286
2.083431 g/cc

Conventional
[90/±45/90]
Sample 2

1.945494 Average
1.874567 1.878265
1.814733 g/cc

Average Density 1.9296

It can be observed that the average density of Lotus filament-wound parts is very
similar to the density of the conventional filament-wound parts. Excluding the
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experimental error discussed earlier, it can be concluded that the processes are not
significantly different in their average densities. The standard deviation for the Lotuswound parts was .0561 g/cc. The standard deviation for the conventionally wound parts
was .066 g/cc. However, there are a few outlying data points that vary more than one
standard deviation from the average density and should be considered as testing errors.
The data points highlighted in light gray are greater than one standard deviation and the
data points highlighted in darker gray are greater than two standard deviations from the
mean.
A statistical measure of the similarity of two sample averages is known as a t-test.
The t-test of two sample averages of the Lotus process and the conventional process
yields a result of .244. For a .05 significance level, a t-test result of less than 1.645
demonstrates that the difference in averages between the two processes can be attributed
to random causes. This illustrates that the two sample averages are statistically the same.

4.5.3 Resin Percentage Tests

In order to determine the void content of the test samples, it was necessary to
determine the resin percentage and fiber percentage of each sample. In order to acquire
these percentages, the ignition loss for each sample was taken. The ignition loss of a
sample is equivalent to finding the percentage of resin in the sample. The ignition loss
test was performed according to the ASTM D2584-02 test method. The test was
performed by heating each sample to 1050º F ±50º and allowing the resin to burn off of
the fiber. Tables 4.5 and 4.6 are charts depicting the resin percentage of each sample,
fiber percentage of each sample, the average of the samples for the nine-inch sample, and
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the process average. Figure 4.29 is a photo that shows the test oven and method of
burning the test parts.

Figure 4.29 Test method for measuring resin percentage.
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Table 4.5 Lotus fiber weight percentage and resin weight percentage
Resin %
Fiber %
Lotus
[90]4
Sample 1
Lotus
[90]4
Sample 2
Lotus
[±45]2
Sample1
Lotus
[±45]2
Sample 2
Lotus
[90/±45/90]
Sample1
Lotus
[90/±45/90]
Sample 2

23.6828
23.0426
22.5025
23.8552
23.7506
23.9148
24.6191
24.4932
24.5370
24.6045
24.2726
24.4658
23.0856
23.0560
23.1293
23.5209
23.3085
23.3523

Average 23.73

Average
23.07599
Average
23.84018
Average
24.54978
Average
24.44762
Average
23.09029
Average
23.39389

Average

76.3172
76.9574
77.4975
76.1448
76.2494
76.0852
75.3809
75.5068
75.4630
75.3955
75.7274
75.5342
76.9144
76.9440
76.8707
76.4791
76.6915
76.6477

Average
76.92401
Average
76.15982
Average
75.45022
Average
75.55238
Average
76.90971
Average
76.60611

76.27

Table 4.6 Conventional fiber weight percentage and resin percentage
Resin %
Fiber %
Conventional
[90]4
Sample 1
Conventional
[90]4
Sample 2
Conventional
[±45]2
Sample1
Conventional
[±45]2
Sample 2
Conventional
[90/±45/90]
Sample1
Conventional
[90/±45/90]
Sample 2

Average

23.32
22.99
23.40
23.71
23.55
23.59
24.69
24.41
24.48
24.71
24.73
24.75
23.94
23.98
23.88
24.39
23.93
24.15

Average
23.24%
Average
23.62%
Average
24.53%
Average
24.73%
Average
23.93%
Average
24.16%

76.6816
77.0105
76.6014
76.2935
76.4500
76.4087
75.3133
75.5914
75.5195
75.2892
75.2654
75.2521
76.0579
76.0225
76.1177
75.6141
76.0651
75.8543

24.03 Average 75.97
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Average
76.76%
Average
76.45%
Average
75.47%
Average
75.27%
Average
76.07%
Average
75.84%

It can be observed from fiber content tests that there is little difference between
the fiber content of the samples of the Lotus filament-wound parts and conventional
filament-wound parts. The standard deviation for the Lotus parts was .65%. The standard
deviation for conventional parts was .54%.
The t-test statistical measure for the two processes yielded 1.472. This t-test
result is below the significance factor for the .05 level of confidence for this sample size.
Therefore the small difference in resin percentage between the two sample averages can
be attributed to random causes.

4.5.4 Void Content Volume Percent Calculations

In order to determine the quality of the parts made by the Lotus filament- winding
process and compare it with the quality of parts made by conventional filament winding,
the void content of test samples was calculated using Equation 3.1. This equation used
the data gathered by measuring part density, fiber percentage, and resin percentage.
Other variables in the equation are resin density and fiber density. This information was
obtained from the composite manufacturer. The density of the resin used in the test parts
is 1.208 grams/cc. The density of the glass fiber used in the testing process is 2.58
grams/cc as determined by the manufacturer. Tables 4.7 and 4.8 are charts that depict the
void content for each sample, the average for each group of 3 samples, and the average
for each process.
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Table 4.7 Void content of Lotus parts versus conventional wound parts
Lotus
[90]4
Sample 1

5.69
7.41
6.81

Average
6.64

Conventional
[90]4
Sample 1

3.99
6.88
9.43

Average
6.76

Lotus
[90]4
Sample 2

0.49
5.78
6.60

Average
4.29

Conventional
[90]4
Sample 2

4.93
0.84
4.78

Average
3.51

Lotus
[±45]2
Sample1

4.52
4.23
6.28

Average
5.01

Conventional
[±45]2
Sample1

0.13
4.39
6.49

Average
4.39

Lotus
[±45]2
Sample 2

5.29
7.96
1.95

Average
5.07

Conventional
[±45]2
Sample2

2.31
8.28
5.53

Average
5.37

Lotus
[90/±45/90]
Sample1

-2.23
3.18
4.40

Average
3.79

Conventional
[90/±45/90]
Sample1

5.31
4.04
-2.66

Average
4.68

Lotus
[90/±45/90]
Sample 2

2.04
10.56
5.43

Average
3.73

Conventional
[90/±45/90]
Sample 2

3.71
7.59
10.37

Average
5.65

Average

4.61%

Average 4.879%

The averages shown above do not include the data points that are shaded in gray.
It can be seen that as a general comparison, the two different parts exhibit very little
difference in void content. However, few conclusions can be made that either process is
better than the other process.
A t-test of these average values of void content yields a value of .023. Therefore,
as seen from previous t-test analysis, the difference in void content percentages can also
be attributed to chance. However, the t-test did not take into consideration the data points
that showed a negative percentage. It is believed that these data points are outliers
because it is impossible to have negative void content.
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4.5.5 Tensile Tests

Tensile tests of the sample parts described in Chapter 3 were performed to further
compare the Lotus filament-wound parts to the conventional filament-wound parts.
Pulling the sample parts in tension proved to be a difficult task. Because of the variation
in sizes due to the manufacturing process it was difficult to effectively clamp and pull all
the tensile samples made. It was particularly difficult to pull the samples of the
conventional wound parts with a [90]4 layer configuration. Sample parts would often
crack in the clamps designed for holding the parts. A photograph of the clamping fixture
can be seen in Figure 4.28.
Using the Instron tensile testing machine the parts were pulled in tension and
Figures 4.31 through 4.33 are three graphs representing the stress versus strain. Each
graph contains test data obtained from pulling parts made by both processes. The tensile
samples were made using the same machines settings and same material as the densitytest samples. Tensile samples had enlarged ends made for clamping.

Figure 4.30 Clamping fixture for tensile testing
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Figure 4.31 Stress vs strain plot - Lotus and conventional wound parts [90]4
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Figure 4.32 Stress vs strain plot - Lotus and conventional wound parts [±45]2
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Figure 4.33 Stress vs strain plot - Lotus and conventional wound parts [90/±45/90]

General observations were made during the testing of these parts. In the first set
of samples, seen in Figure 4.30, many of the parts were weakened by the clamping force
needed to hold the sample parts in the clamping fixture. Conventional wound Samples 2
and 4 both broke in the clamp area. This resulted in decreased ultimate strength. Also
parts often slipped out of the fixture which made it difficult to test the conventional
sample parts and the Lotus sample parts. Shown in Figure 4.31, the conventionallywound parts of the [±45]2 configuration displayed lower ultimate strength than the Lotus
filament wound parts. A hypothesis to explain this behavior is that the Lotus filament
winding process winds two tows of prepreg in one pass whereas the conventional process
winds only one tow of prepreg in one pass. This may contribute to a more compact
weaving pattern in the Lotus filament winding process, which would contribute to greater
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ultimate strength in Lotus parts. A better comparison can be seen in the third
configuration test results, seen in Figure 4.32. The curves for each sample do not vary
considerable from sample to sample. However, both the [±45]2 and the [90/±45/90] layer
configurations exhibited interlaminate fracture before the fiber fracture occurred.
Photographs depicting the type of fracture that occurred in the different layer
configurations can be seen in Figure 4.34.

Figure 4.34 Photographs of test part failure; L-R [90]4, [±45]2, [90/±45/90]

4.5.6 Non-Linear Axis Parts Test Results

Parts made with a non-linear axis cannot be compared to conventional filament
winding, however they can be measured and analyzed for differences from part to part.
Curved parts made for this test were made using a removable plastic mandrel. The
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mandrel exhibited some plastic deformation during the curing process that caused the
sample parts to lose some of their original shape. Tests were then done to determine wall
thickness variation and their averages for the sample parts. The mandrel used was an
electrical conduit elbow made of PVC with a centerline radius of 5.54 inches. The OD of
the mandrel averaged 1.33”. To determine wall thickness throughout a part, each sample
part was cut into one-inch segments and the wall thickness was measured in the center of
each segment. A photograph of the sample parts after they were cut can be seen in Figure
4.33.

Figure 4.35 Photograph of test samples for analysis of curved test parts

Two parts of each layer configuration (same configurations as other tests) were
manufactured and tested. Table 4.6 is a chart that displays the wall thickness dimensions
along the inside of the elbow shape and the wall thickness along the outside of the elbow
shape. It was expected that there would be some increase in thickness on the inside of the
curve. Tables 4.8 and 4.9 also display the average wall thickness in the two regions and
indicate the increase in wall thickness. They also show the deformation caused by the
plastic (PVC) softening before curing by measuring the smallest cross-sectional
dimension.
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Table 4.8 Wall thicknesses and change in part diameter
- Sample #1 of each configuration

Outside Wall Inside Wall
Thickness Thickness
B90_1a
B90_1b
B90_1c
B90_1d
B90_1e
B90_1f
B90_1g
B90_1h

Part Diameter

0.0325
0.0357
0.0380
0.0322
0.0321
0.0336
0.0318
0.0314

0.045
0.049
0.041
0.049
0.045
0.0465
0.041
0.042

1.3715
1.3310
1.3050
1.3120
1.3090
1.3120
1.3370
1.3935

0.0334

0.0448

1.3339

0.0343
0.0279
0.0280
0.0328
0.0270
0.0242
0.0316

0.042
0.0535
0.044
0.056
0.0465
0.0475
0.042

1.3360
1.2995
1.2870
1.2975
1.2915
1.3100
1.3525

Average

0.0294

0.0474

1.3106

B9045_1a
B9045_1b
B9045_1c
B9045_1d
B9045_1e
B9045_1f
B9045_1g

0.0348
0.0236
0.0317
0.0298
0.0301
0.0291
0.0328

0.042
0.0435
0.043
0.0375
0.0425
0.045
0.0495

1.3680
1.3190
1.3110
1.3195
1.2955
1.3155
1.3220

Average

0.0303

0.0433

1.322

Average
B45_1a
B45_1b
B45_1c
B45_1d
B45_1e
B45_1f
B45_1g
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Table 4.9 Wall Thicknesses and Part Diameter Variation –
Sample #2 of each configuration

B90_2a
B90_2b
B90_2c
B90_2d
B90_2e
B90_2f
B90_2g
B90_2h

Average

Outside Wall Inside Wall Part Diameter
Thickness
Thickness
(reduction)
0.0342
0.0410
1.375
0.0318
0.0425
1.322
0.0328
0.0410
1.285
0.0358
0.0385
1.303
0.0303
0.0435
1.312
0.0364
0.0390
1.305
0.0329
0.0425
1.344
0.0337
0.0340
1.377

0.0335

0.0403

1.328

B45_2a
B45_2b
B45_2c
B45_2d
B45_2e
B45_2f
B45_2g

0.0353
0.0250
0.0258
0.0276
0.0258
0.0300
0.0356

0.0540
0.0440
0.0385
0.0355
0.0430
0.0520
0.0500

1.3615
1.2925
1.297
1.2925
1.2985
1.311
1.3695

Average

0.029

0.045

1.318

B9045_2a
B9045_2b
B9045_2c
B9045_2d
B9045_2e
B9045_2f
B9045_2g

0.0333
0.0373
0.0302
0.0292
0.0331
0.0284
0.0321

0.0435
0.0455
0.0405
0.0375
0.046
0.043
0.0495

1.4065
1.316
1.3095
1.3135
1.324
1.3075
1.328

Average

0.032

0.044

1.316

As described by Chapter 3 parts were again measured for part thickness variation
using a spherical anvil micrometer. Data that is highlighted in blue, red, and yellow are
points that varied greater than the 12.5% from the average. Blue data points are those
that were below the tolerance for the inside wall. Red data points are those that were
below the tolerance for the outside wall and yellow data points were points that were
above average.
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The measurements of the wall thickness of the curved composite tubes showed
that the average change in wall thickness from the inside radius to the outside radius was
.019 in. Due to mandrel behavior in the oven it is believed that sample parts changed
dimensions during the curing process. The curve of the mandrel increased as the
temperature of the oven reached its maximum heat during the curing cycle. However the
difference in average between the first set of samples and the second set of samples was
only .0036”. This demonstrates that the variation between samples made on the machine
is not significant.

4.5.7 Visual Comparisons

In order to get a better understanding of the quality of the composite parts made
by both Lotus filament winding and conventional filament winding it is beneficial to
inspect the parts for defects. Defects in the test parts would result in the appearance of
voids, and white lines. Upon visual comparison it became evident that there was no
significant difference in the parts made by either machine. Voids appeared in parts made
by both processes in a fairly consistent manner. A higher number of voids and surface
level variation was apparent in the [±45]4 configurations. Placing one tow of prepreg
material exactly next to the previous tow proved to be difficult. This created more voids
and white lines appeared more frequently in the parts. It was also observed that in the
parts of a [90/±45/90] configuration there was a small reduction in the number of voids
due to the compression of over-wrapping the 45-degree layer.
All parts made by both processes exhibited a rougher surface finish due to excess
resin in the material. The prepreg material received as a donation was part of a batch of
material that failed inspection due to higher percentages of resin. Using a prepreg
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material that exhibits a more appropriate resin percentage could decrease some of the
surface roughness.
In observation of the winding process of each machine it became apparent that
maintaining a consistent pitch down the length was difficult. Some parts exhibited fiber
overlap and gaps. Over-wrapping with an additional layer of material appeared to help
smooth out and spread the fibers more evenly.
As a comparison between the hand-manipulated Lotus filament-winding process
and the automated Lotus filament-winding process, photographs were taken of parts
made by each process. These photographs can be seen in Figures 4.36 and 4.37. It can
be seen from these photographs that the automated Lotus filament-winding process,
makes significant improvements from the hand manipulated Lotus filament-winding
machine. These improvements include reduced void content, more consistent fiber
angles, and more consistent wall thickness.

Figure 4.36 Hand-manipulated Lotus
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Figure 4.37 Machine manipulated Lotus
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CHAPTER 5 SUMMARY, CONCLUSIONS,
AND RECOMMENDATIONS
5.1 SUMMARY
Filament winding is a process whereby tows of composite material are wrapped
around a mandrel. The mandrel determines the shape of the part in the manufacturing
process. Traditional filament winding involves wrapping a rotating mandrel with fiber.
Typically shapes made with this process are limited to parts with a single axis. The
recently patented Lotus filament winding process eliminates completely the requirement
of linear-axis mandrels. Keeping the mandrel stationary and moving the fiber spools
around the mandrel allows filament winding to manufacture almost any part shape.
Lotus filament winding is in its initial stages of development. Key problems that
existed in the early process include poor fiber placement due to manual control of a
mandrel through the Lotus winding ring. In order to develop better control, a CNC robot
was built to move the Lotus winding ring around the mandrel. The CNC robot uses 4axes of control to manipulated the ring in a two-dimensional plane. In order to further
discover the capability of the Lotus filament-winding process, test parts were
manufactured using a conventional filament-winding machine and the CNC controlled
Lotus filament-winding machine.
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Parts made by both machines were then tested according to five physical
criterions. Parts were tested for surface level variation (a measure of thickness), part
density, resin percentage, void content, and tensile strength.
Non-linear axis parts were also made to demonstrate the capability of the process,
and the Lotus filament-winding machine. These parts were measured to determine
changes in wall thickness and the resultant change of part shape.

5.2 CONCLUSIONS
The Lotus filament-winding process has shown significant improvement through
the development of automatic manipulation. Based on visual comparison, parts made by
the Lotus filament winding process have shown vast improvements from the parts made
by this process under partial automation. Adding additional control to manipulate the
Lotus ring around a part has allowed for more consistent fiber placement on non-linear
axis parts.
Tests that were conducted to measure the density of the parts demonstrated that
there was not a significant difference in parts made by Lotus filament winding compared
to those made by conventional filament winding. Because the average density of samples
did not vary much that the quality of the parts did not vary significantly.
By measuring the fiber percentage of sample parts it was determined that the
amount of fiber in each part was nearly the same for both Lotus filament-wound parts and
conventional filament-wound parts. The standard deviation for the samples taken was
less than half a percent. This indicates consistent wrapping of fibers from part to part.
Tensile tests also showed that there was some difference in strength of parts due
to differences in the winding configurations, but that the difference was nearly the same
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from one process to the next. This indicates that sample parts made by each process did
not vary from part to part.
It has been shown that Lotus filament-wound parts can achieve nearly the same
properties as traditionally filament-wound parts. Nevertheless, process improvement is a
continuous procedure that is needed to achieve acceptable part quality. The Lotus
process needs some additional improvement to maximize its full capabilities.

5.3 RECOMMENDATIONS
5.3.1 Lotus Filament Winder

Due to cost constraints in building the Lotus filament-winding machine used in
this research, the quality of the machine control could be improved. Motors used in
control of the machine can be changed from stepper motors to DC servo motors. The
machine also used rack and pinion gears to move along the X and Y-axes. By changing
the linear axis motion components to ball screws, machine motion would be much
smoother. Because of the limitations of cost, a solid Lotus ring was used instead of a
split, open-able Lotus ring. A Lotus ring that is open-able would not be difficult to
incorporate into the current design of the machine. Another machine improvement would
be to increase of the number of axes of the machine. This would enable the
manufacturing of non-planar parts.
Further improvements in the fiber placement plate, such as the use rollers instead
of eyelets, could improve part quality. By adding rollers that are spring loaded, the Lotus
machine can act as a fiber-placement winder. This would allow for fiber to be placed
along the inside of a curve at low angle pitches.
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5.3.2 Testing Recommendations

In order to further determine the capabilities of the machine, parts made with a
non-linear rotational axis could be further tested to determine their application-specific
properties. Composite parts are more often tested for application-specific properties.
Parts are made to their final form or near to their final form and the parts are tested in
real-world applications. Parts are often tested for peak strength, fatigue strength, and
mode of failure in this fashion. By determining a needed consumer product and then
testing parts for performance in the application, manufacturers can better determine the
marketability of the process and demonstrate to potential developers the capabilities of
the process.

5.3.3 Recommendations For Further Research

The Lotus filament winding process would show increased capability by
automating the fiber placement ring. This development would include motorized spools
that maintain tension and take up slack in the fiber during transition points. This would
lead better control of the fiber payout tension.
Another topic of research would be a more in depth analysis of non-linear parts
made by Lotus filament winding process. Development of better mandrels would
improve the ability of the machine to produce non-linear shapes with consistency and
repeatability.

84

REFERENCES
Allen, A. (2004) A method for winding advanced composites of unconventional shapes
using continuous and aligned fibers. Masters Thesis: Brigham Young University
ASTM International. (2004). Annual Book of ASTM Standards. West Conshohocken, PA:
ASTM International
Ashfal, C. R. (1992). Robots and Manufacturing Automation. University of Arkansas,
Fayetteville, AR: John Wiley & Sons, Inc.
Groover, M. P. (1999). Fundamentals of modern manufacturing : materials,
processes, and systems. New York, NY: John Wiley & Sons, Inc.
Peters, S. T. Filament winding composite structure fabrication. Covina CA: SAMPE
International Business Office
Strong, A. B. (1989). Fundamentals of composite manufacturing: materials, methods,
and applications. Dearborn, MI: Society of Manufacturing Engineers.

85

86

APPENDICES

87

88

APPENDIX A

TECHNICAL DRAWINGS

The following appendix is a collection of technical drawings used in fabricating
the CNC Lotus filament-winding machine. Technical drawings are made of only the
parts made by Jeffrey Valjean Anderson. It does not contain any drawings for purchased
parts, except where those parts are modified. All dimensions are in inches.
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Figure A1 Bobbin post
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Figure A2 Bobbin end clamp and friction clamp

91

Figure A3 Lotus motor mount
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Figure A4 Lotus mounting station
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Figure A5 Lotus table

94

Figure A6 Race mounting plate

95

Figure A7 Ring gear
Center was cut out and holes drilled as dimensioned.
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Figure A8 Spool plate
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Figure A9 Motor bracket for Y-axis

98

Figure A10 Wheel brackets for Y-axis

99

Figure A11 Wheel bracket for X-axis

100

Figure A12 Work holding fulcrum (2)

101

Figure A13 Clamp assembly

102

Figure A14 Large frame

103

Figure A15 Small frame

104

Figure A16 Motor bracket for X-axis

105

Figure A17 Motor coupling for bendix gear for A-axis
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Figure A18 Brackets for X-axis motor and X-axis bearings
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Figure A19 Bracket for bearings for Y-axis
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Figure A20 Inner bearing mount for X-axis

109

Figure A21 Carriage – top view

110

Figure A22 Carriage - bottom view
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Figure A23 Fiber spool
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Figure A24 Eyelet arm
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Figure A25 Spring bar and roller

114

Figure A26 Primary eyelet insert
(insert is pressed in eyelet)
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APPENDIX B

G-CODE

Appendix B is a collection of the G-code files used to manufacture the test parts
used in the testing of Lotus filament winding. These codes are used to control the 4
motors to create filament-wound parts.
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G-CODE FOR LONG [±45]2
SAMPLES
G1 X13.84
G1 X13.84
G1 X0
G1 X0
G1 X13.84
G1 X13.84
G1 X0
G1 X0
G1 X13.84
G1 X13.84
G1 X0
G1 X0
G1 X13.84
G1 X13.84
G1 X0
G1 X0
G1 X13.84
G1 X13.84
G1 X0
G1 X0
G1 X13.84
G1 X13.84
G1 X0
G1 X0
G1 X13.84
G1 X13.84
G1 X0
G1 X0
G1 X13.84
G1 X13.84
G1 X0
G1 X0
G1 X13.84
G1 X13.84
G1 X0
G1 X0
G1 X13.84
G1 X13.84
G1 X0
G1 X0
G1 X13.84
G1 X13.84
G1 X0
G1 X0
G1 X13.84
G1 X13.84
G1 X0
G1 X0
G1 X13.84
G1 X13.84
G1 X0
G1 X0

G1 X13.84
G1 X13.84
G1 X0
G1 X0
G1 X13.84
G1 X13.84
G1 X0
G1 X0
G1 X13.84
G1 X13.84
G1 X0
G1 X0
G1 X13.84
G1 X13.84
G1 X0
G1 X0
G1 X13.84
G1 X13.84
G1 X0
G1 X0
G1 X13.84
G1 X13.84
G1 X0
G1 X0
G1 X13.84
G1 X13.84
G1 X0
G1 X0
G1 X13.84
G1 X13.84
G1 X0
G1 X0
G1 X13.84
G1 X13.84
G1 X0
G1 X0
G1 X13.84
G1 X13.84
G1 X0
G1 X0
G1 X13.84
G1 X13.84
G1 X0
G1 X0
G1 X13.84
G1 X13.84
G1 X0
G1 X0
END

A4
A5
A9
A9.958333333
A13.95833333
A14.95833333
A18.95833333
A1.92
A23.91666667
A24.91666667
A28.91666667
A29.88
A33.875
A34.875
A38.875
A39.83
A43.83333333
A44.83333333
A48.83333333
A49.79
A53.79166667
A54.79166667
A58.79166667
A9.75
A63.75
A64.75
A68.75
A69.71
A73.70833333
A74.70833333
A78.70833333
A79.67
A83.66666667
A84.66666667
A88.66666667
A89.63
A93.625
A94.625
A98.625
A99.58
A103.5833333
A104.5833333
A108.5833333
A109.54
A113.5416667
A114.5416667
A118.546667
A120.00
A124
A125
A129
A129.9615385
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A133.9615385
A134.9615385
A138.9615385
A139.9230769
A143.9230769
A144.9230769
A148.9230769
A149.8846154
A153.8846154
A154.8846154
A158.8846154
A159.8461538
A163.8461538
A164.8461538
A168.8461538
A169.8076923
A173.8076923
A174.8076923
A178.8076923
A179.7692308
A183.7692308
A184.7692308
A188.7692308
A189.7307692
A193.7307692
A194.7307692
A198.7307692
A199.6923077
A203.6923077
A204.6923077
A208.6923077
A209.6538462
A213.6538462
A214.6538462
A218.6538462
A219.6153846
A223.6153846
A224.6153846
A228.6153846
A229.5769231
A233.5769231
A234.5769231
A238.5769231
A239.5384615
A243.5384615
A244.5384615
A248.538461
A249

G-CODE FOR 12” LONG [90/±45/90]

G-CODE FOR LONG [90]4

G1 X13.84
G1 X0
G1 X0
G1 X13.84
G1 X13.84
G1 X0
G1 X0
G1 X13.84
G1 X13.84
G1 X0
G1 X0
G1 X13.84
G1 X13.84
G1 X0
G1 X0
G1 X13.84
G1 X13.84
G1 X0
G1X0
G1 X13.84
G1 X13.84
G1 X0
G1 X0
G1 X13.84
G1 X13.84
G1 X0
G1 X0
G1 X13.84
G1 X13.84
G1 X0
G1 X0
G1 X13.84
G1 X13.84
G1 X0
G1 X0
G1 X13.84
G1 X13.84
G1 X0
G1 X0
G1 X13.84
G1 X13.84
G1 X0
G1 X0
G1 X13.84
G1 X13.84
G1 X0
G1 X0
G1 X13.84
G1 X13.84
G1 X0
G1 X0
G1 X13.84
G1 X13.84
END

G1 X12
G1 X0
G1 X12
G1 X0
G1 X12
G1 X0
G1 X0
END

A70.2
A139.4
A141
A145
A146
A150
A150.95
A154.95
A155.95
A159.95
A160.92
A 164.917
A165.917
A169.917
A170.875
A174.875
A175.875
A179.875
A180.83
A184.83
A185.83
A189.833
A190.79
A194.79
A195.79
A199.79
A200.75
A204.75
A205.75
A209.75
A210.71
A214.71
A215.71
A219.71
A220.67
A224.67
A225.67
A229.67
A230.625
A234.625
A235.625
A239.625
A240.583
A244.583
A245.583
A249.583
A250.54
A254.54
A255.54
A259.54
A261
A330.2
A332

A60
A120
A180
A240
A300
A360
A361

G-CODE FOR 6” [90]4
G1 X6
G1 X5
G1 X6
G1 X5
G1 X6
G1 X5
G1 X6
G1 X0
G1 X1
G1 X0
G1 X1
G1 X0
G1 X1
G1 X0
G1 X6
G1 X0
G1 X0
END

A30 F30
A35
A40
A45
A50
A55
A60
A90
A95
A100
A105
A110
A115
A120
A150
A180
A181

G-CODE FOR 6” [±45]2
G1 X8
G1 X0
G1 X0
G1 X8
G1 X0
G1 X0
G1 X8
G1 X0
G1 X0
G1 X8
G1 X0
G1 X0
G1 X8
G1 X0
G1 X0
G1 X8
G1 X0
G1 X0
G1 X8
G1 X0
G1 X0
G1 X8
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A2.425197805 F30
A4.85039561
A5.041666667
A7.466864472
A9.892062277
A10.08333333
A12.50853114
A14.93372894
A15.125
A17.55019781
A19.97539561
A20.16666667
A22.59186447
A25.01706228
A26.20833333
A28.63353114
A31.05872894
A32.25
A34.67519781
A37.10039561
A38.29166667
A40.71686447

G1 X0
G1 X0
G1 X8
G1 X0
G1 X0
G1 X8
G1 X0
G1 X0
G1 X8
G1 X0
G1 X0
G1 X8
G1 X0
G1 X0
G1 X2
G1 X1
G1 X2
G1 X1
G1 X2
G1 X1
G1 X8
G1 X8
G1 X6
G1 X7
G1 X6
G1 X7
G1 X6
G1 X8
G1 X0
G1 X8
G1 X8
G1 X0
G1 X8
G1 X8
G1 X0
G1 X8
G1 X8
G1 X0
G1 X8
G1 X8
G1 X0
G1 X8
G1 X8
G1 X0
G1 X8
G1 X8
G1 X0
G1 X8
G1 X8
G1 X0
G1 X8
G1 X8
G1 X0
G1 X8
G1 X8
G1 X0

G1 X8
G1 X8
G1 X0
G1 X8
G1 X8
G1 X0
G1 X8
G1 X8

A43.14206228
A44.33333333
A46.75853114
A49.18372894
A50.375
A52.80019781
A55.22539561
A56.41666667
A58.84186447
A61.26706228
A62.45833333
A64.88353114
A67.30872894
A68
A78
A83
A8
A93
A98
A103
A105.1220481
A106
A116
A121
A126
A131
A136
A146
A148.4251978
A150.8503956
A151.0416667
A153.4668645
A155.8920623
A156.0833333
A158.5085311
A160.9337289
A161.125
A163.5501978
A165.9753956
A166.1666667
A168.5918645
A171.0170623
A172.2083333
A174.6335311
A177.0587289
A178.25
A180.6751978
A183.1003956
A184.2916667
A186.7168645
A189.1420623
A190.3333333
A192.7585311
A195.1837289
A196.375
A198.8001978

A201.2253956
A202.4166667
A204.8418645
A207.2670623
A208.4583333
A210.8835311
A213.3087289
A214

G-CODE FOR 6” [90/±45/90]
G1 X6
G1 X5
G1 X6
G1 X5
G1 X6
G1 X5
G1 X6
G1 X0
G1 X8
G1 X8
G1 X0
G1 X8
G1 X8
G1 X0
G1 X8
G1 X8
G1 X0
G1 X8
G1 X8
G1 X0
G1 X8
G1 X8
G1 X0
G1 X8
G1 X8
G1 X0
G1 X8
G1 X8
G1 X0
G1 X8
G1 X8
G1 X0
G1 X8
G1 X8
G1 X0
G1 X8
G1 X8
G1 X0
G1 X8
G1 X8
G1 X0
G1 X8
G1 X8
G1 X0
G1 X2
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A30 F30
A35
A40
A45
A50
A55
A60
A62.42519781
A64.85039561
A65.04166667
A67.46686447
A69.89206228
A70.08333333
A72.50853114
A74.93372894
A75.125
A77.55019781
A79.97539561
A80.16666667
A82.59186447
A85.01706228
A86.20833333
A88.63353114
A91.05872894
A92.25
A94.67519781
A97.10039561
A98.29166667
A100.7168645
A103.1420623
A104.3333333
A106.7585311
A109.1837289
A110.375
A112.8001978
A115.2253956
A116.4166667
A118.8418645
A121.2670623
A122.4583333
A124.8835311
A127.3087289
A128
A168
A178

G1 X1
G1 X2
G1 X1
G1 X2
G1 X1
G1 X1
END

G2 X5.54 Y5.54 R5.54 C9 A42.21647776
G1 X6.54 Y5.54
A42.4615758
G1 X6.54 Y5.54
A43.4615758
G1 X5.54 Y5.54
A43.70667384
G3 X0
Y0 R5.54 C0 A46.08981827
G1 X0
Y0 A47.8
G2 X5.54 Y5.54 R5.54 C9 A50.18314443
G1 X6.54 Y5.54
A50.42824247
G1 X6.54 Y5.54
A51.42824247
G1 X5.54 Y5.54
A51.67334051
G3 X0
Y0 R5.54 C0 A54.05648493
G1 X0
Y0 A55.76666667
G2 X5.54 Y5.54 R5.54 C9 A58.14981109
G1 X6.54 Y5.54
A58.39490913
G1 X6.54 Y5.54
A59.39490913
G1 X5.54 Y5.54
A59.64000717
G3 X0
Y0 R5.54 C0 A62.0231516
G1 X0
Y0 A63.73333333
G2 X5.54 Y5.54 R5.54 C9 A66.11647776
G1 X6.54 Y5.54
A66.3615758
G1 X6.54 Y5.54
A67.3615758
G1 X5.54 Y5.54
A67.60667384
G3 X0
Y0 R5.54 C0 A69.98981827
G1 X0
Y0 A70.7
G2 X5.54 Y5.54 R5.54 C9 A73.08314443
G1 X6.54 Y5.54
A73.32824247
G1 X6.54 Y5.54
A74.32824247
G1 X5.54 Y5.54
A74.57334051
G3 X0
Y0 R5.54 C0 A76.95648493
G1 X0
Y0 A77.66666667
G2 X5.54 Y5.54 R5.54 C9 A80.04981109
G1 X6.54 Y5.54
A80.29490913
G1 X6.54 Y5.54
A81.29490913
G1 X5.54 Y5.54
A81.54000717
G3 X0
Y0 R5.54 C0 A83.9231516
G1 X0
Y0 A84.63333333
G2 X5.54 Y5.54 R5.54 C9 A87.01647776
G1 X6.54 Y5.54
A87.2615758
G1 X6.54 Y5.54
A88.2615758
G1 X5.54 Y5.54
A88.50667384
G3 X0
Y0 R5.54 C0 A90.88981827
G1 X0
Y0 A91.6
G2 X5.54 Y5.54 R5.54 C9 A93.98314443
G1 X6.54 Y5.54
A94.22824247
G1 X6.54 Y5.54
A95.22824247
G1 X5.54 Y5.54
A95.47334051
G3 X0
Y0 R5.54 C0 A97.85648493
G1 X0
Y0 A98.56666667
G2 X5.54 Y5.54 R5.54 C9 A100.9498111
G1 X6.54 Y5.54
A101.1949091
G1 X6.54 Y5.54
A102.1949091
G1 X5.54 Y5.54
A102.4400072
G3 X0
Y0 R5.54 C0 A104.8231516
G1 X0
Y0 A105.5333333
G2 X5.54 Y5.54 R5.54 C9 A107.9164778
G1 X6.54 Y5.54
A108.1615758

A183
A188
A193
A198
A203
A204

G-CODE FOR CURVE PART [90]4
G2 X5.54 Y5.54 R5.54 C9 A48.6
G1 X6.54 A53.6
G1 X5.54 A58.6
G3 X0 Y0 R5.54 C0 A107.2
G2 X5.54 Y5.54 R5.54 C9 A155.8
G1 X6.54 A160.8
G1 X5.54 A165.8
G3 X0 Y0 R5.54 C0 A214.4
G1 A 215
END

G-CODE FOR CURVE PART [±45]2
G2 X5.54 Y5.54 R5.54 C9 A2.383144427
G1 X6.54 Y5.54
A2.628242466
G1 X6.54 Y5.54
A3.628242466
G1 X5.54 Y5.54
A3.873340506
G3 X0
Y0 R5.54 C0 A6.256484933
G1 X0
Y0 A7.966666667
G2 X5.54 Y5.54 R5.54 C9 A10.34981109
G1 X6.54 Y5.54
A10.59490913
G1 X6.54 Y5.54
A11.59490913
G1 X5.54 Y5.54
A11.84000717
G3 X0
Y0 R5.54 C0 A14.2231516
G1 X0
Y0 A15.93333333
G2 X5.54 Y5.54 R5.54 C9 A18.31647776
G1 X6.54 Y5.54
A18.5615758
G1 X6.54 Y5.54
A19.5615758
G1 X5.54 Y5.54
A19.80667384
G3 X0
Y0 R5.54 C0 A22.18981827
G1 X0
Y0 A23.9
G2 X5.54 Y5.54 R5.54 C9 A26.28314443
G1 X6.54 Y5.54
A26.52824247
G1 X6.54 Y5.54
A27.528242
G1 X5.54 Y5.54
A27.77334051
G3 X0
Y0 R5.54 C0 A30.15648493
G1 X0
Y0 A31.86666667
G2 X5.54 Y5.54 R5.54 C9 A34.24981109
G1 X6.54 Y5.54
A34.49490913
G1 X6.54 Y5.54
A35.49490913
G1 X5.54 Y5.54
A35.74000717
G3 X0
Y0 R5.54 C0 A38.1231516
G1 X0
Y0 A39.83333333
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G3 X0 Y0 R5.54 C0 A181.9898183
G1 X0 Y0 A182.7
G2 X5.54 Y5.54 R5.54 C9 A185.0831444
G1 X6.54 Y5.54
A185.3282425
G1 X6.54 Y5.54
A186.3282425
G1 X5.54 Y5.54
A186.5733405
G3 X0 Y0 R5.54 C0 A188.9564849
G1 X0
Y0 A189.6666667
G2 X5.54 Y5.54 R5.54 C9 A192.0498111
G1 X6.54 Y5.54
A192.2949091
G1 X6.54 Y5.54
A193.2949091
G1 X5.54 Y5.54
A193.5400072
G3 X0
Y0 R5.54 C0 A195.9231516
G1 X0
Y0 A196.6333333
G2 X5.54 Y5.54 R5.54 C9 A199.0164778
G1 X6.54 Y5.54
A199.2615758
G1 X6.54 Y5.54
A200.2615758
G1 X5.54 Y5.54
A200.5066738
G3 X0
Y0 R5.54 C0 A202.8898183
G1 X0
Y0 A203.6
G2 X5.54 Y5.54 R5.54 C9 A205.9831444
G1 X6.54 Y5.54
A206.2282425
G1 X6.54 Y5.54
A207.2282425
G1 X5.54 Y5.54
A207.4733405
G3 X0
Y0 R5.54 C0 A209.8564849
G1 X0
Y0 A210.5666667
G2 X5.54 Y5.54 R5.54 C9 A212.9498111
G1 X6.54 Y5.54
A213.1949091
G1 X6.54 Y5.54
A214.194909
G1 X5.54 Y5.54
A214.4400072
G3 X0
Y0 R5.54 C0 A216.8231516
G1 X0
Y0 A217.5333333
G2 X5.54 Y5.54 R5.54 C9 A219.9164778
G1 X6.54 Y5.54
A220.1615758
G1 X6.54 Y5.54
A221.1615758
G1 X5.54 Y5.54
A221.4066738
G3 X0
Y0 R5.54 C0 A223.7898183
G1 X0
Y0 A224
END

G1 X6.54 Y5.54
A109.1615758
G1 X5.54 Y5.54
A109.4066738
G3 X0
Y0 R5.54 C0 A111.7898183
G1 X0
Y0 A112
G2 X5.54 Y5.54 R5.54 C9 A114.3831444
G1 X6.54 Y5.54
A114.6282425
G1 X6.54 Y5.54
A115.6282425
G1 X5.54 Y5.54
A115.8733405
G3 X0 Y0 R5.54 C0 A118.2564849
G1 X0 Y0 A119.9666667
G2 X5.54 Y5.54 R5.54 C9 A122.3498111
G1 X6.54 Y5.54
A122.5949091
G1 X6.54 Y5.54
A123.5949091
G1 X5.54 Y5.54
A123.8400072
G3 X0 Y0 R5.54 C0 A126.2231516
G1 X0 Y0 A127.9333333
G2 X5.54 Y5.54 R5.54 C9 A130.3164778
G1 X6.54 Y5.54
A130.5615758
G1 X6.54 Y5.54
A131.5615758
G1 X5.54 Y5.54
A131.8066738
G3 X0
Y0 R5.54 C0 A134.1898183
G1 X0
Y0 A135.9
G2 X5.54 Y5.54 R5.54 C9 A138.2831444
G1 X6.54 Y5.54
A138.5282425
G1 X6.54 Y5.54
A139.5282425
G1 X5.54 Y5.54
A139.7733405
G3 X0
Y0 R5.54 C0 A142.1564849
G1 X0
Y0 A143.8666667
G2 X5.54 Y5.54 R5.54 C9 A146.2498111
G1 X6.54 Y5.54
A146.4949091
G1 X6.54 Y5.54
A147.4949091
G1 X5.54 Y5.54
A147.7400072
G3 X0
Y0 R5.54 C0 A150.1231516
G1 X0
Y0 A151.8333333
G2 X5.54 Y5.54 R5.54 C9 A154.2164778
G1 X6.54 Y5.54
A154.4615758
G1 X6.54 Y5.54
A155.4615758
G1 X5.54 Y5.54
A155.7066738
G3 X0
Y0 R5.54 C0 A158.0898183
G1 X0
Y0 A159.8
G2 X5.54 Y5.54 R5.54 C9 A162.1831444
G1 X6.54 Y5.54
A162.4282425
G1 X6.54 Y5.54
A163.4282425
G1 X5.54 Y5.54
A163.6733405
G3 X0
Y0 R5.54 C0 A166.0564849
G1 X0
Y0 A167.7666667
G2 X5.54 Y5.54 R5.54 C9 A170.1498111
G1 X6.54 Y5.54
A170.3949091
G1 X6.54 Y5.54
A171.3949091
G1 X5.54 Y5.54
A171.6400072
G3 X0
Y0 R5.54 C0 A174.0231516
G1 X0
Y0 A175.7333333
G2 X5.54 Y5.54 R5.54 C9 A178.1164778
G1 X6.54 Y5.54
A178.3615758
G1 X6.54 Y5.54
A179.3615758
G1 X5.54 Y5.54
A179.6066738

CURVED PARTS [90/±45/90]
G1 X6.54 Y5.54
A53.4
G1 X5.54 Y5.54
A58.4
G3 X0 Y0 R5.54 C0 A107
G2 X5.54 Y5.54
R5.54 C9 A109.3831444
G1 X6.54 Y5.54
A109.6282425
G1 X6.54 Y5.54
A110.6282425
G1 X5.54 Y5.54
A110.8733405
G3 X0 Y0 R5.54 C0 A113.2564849
G1 X0 Y0 A114.9666667
G2 X5.54 Y5.54
R5.54 C9 A117.3498111
G1 X6.54 Y5.54
A117.5949091
G1 X6.54 Y5.54
A118.5949091
G1 X5.54 Y5.54
A118.8400072
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G1 X6.54 Y5.54
A180.3282425
G1 X6.54 Y5.54
A181.3282425
G1 X5.54 Y5.54
A181.5733405
G3 X0 Y0 R5.54 C0 A183.9564849
G1 X0 Y0 A184.6666667
G2 X5.54 Y5.54
R5.54 C9 A187.0498111
G1 X6.54 Y5.54
A187.2949091
G1 X6.54 Y5.54
A188.2949091
G1 X5.54 Y5.54
A188.5400072
G3 X0 Y0 R5.54 C0 A190.9231516
G1 X0 Y0 A191.6333333
G2 X5.54 Y5.54
R5.54 C9 A194.0164778
G1 X6.54 Y5.54
A194.2615758
G1 X6.54 Y5.54
A195.2615758
G1 X5.54 Y5.54
A195.5066738
G3 X0 Y0 R5.54 C0 A197.8898183
G1 X0 Y0 A198.6
G2 X5.54 Y5.54
R5.54 C9 A200.9831444
G1 X6.54 Y5.54
A201.2282425
G1 X6.54 Y5.54
A202.2282425
G1 X5.54 Y5.54
A202.4733405
G3 X0 Y0 R5.54 C0 A204.8564849
G1 X0 Y0 A205.5666667
G2 X5.54 Y5.54
R5.54 C9 A207.9498111
G1 X6.54 Y5.54
A208.1949091
G1 X6.54 Y5.54
A209.1949091
G1 X5.54 Y5.54
A209.4400072
G3 X0 Y0 R5.54 C0 A211.8231516
G1 X0 Y0 A212.5333333
G2 X5.54 Y5.54
R5.54 C9 A214.9164778
G1 X6.54 Y5.54
A215.161578
G1 X6.54 Y5.54
A216.1615758
G1 X5.54 Y5.54
A216.4066738
G3 X0 Y0 R5.54 C0 A218.7898183
G1 X0 Y0 A196
END

G3 X0 Y0 R5.54 C0 A121.2231516
G1 X0 Y0 A122.9333333
G2 X5.54 Y5.54
R5.54 C9 A125.3164778
G1 X6.54 Y5.54
A125.5615758
G1 X6.54 Y5.54
A126.5615758
G1 X5.54 Y5.54
A126.8066738
G3 X0 Y0 R5.54 C0 A129.1898183
G1 X0 Y0 A130.9
G2 X5.54 Y5.54
R5.54 C9 A133.2831444
G1 X6.54 Y5.54
A133.5282425
G1 X6.54 Y5.54
A134.5282425
G1 X5.54 Y5.54
A134.7733405
G3 X0 Y0 R5.54 C0 A137.1564849
G1 X0 Y0 A138.8666667
G2 X5.54 Y5.54
R5.54 C9 A141.2498111
G1 X6.54 Y5.54
A141.4949091
G1 X6.54 Y5.54
A142.4949091
G1 X5.54 Y5.54
A142.7400072
G3 X0 Y0 R5.54 C0 A145.1231516
G1 X0 Y0 A146.8333333
G2 X5.54 Y5.54
R5.54 C9 A149.2164778
G1 X6.54 Y5.54
A149.4615758
G1 X6.54 Y5.54
A150.4615758
G1 X5.54 Y5.54
A150.7066738
G3 X0 Y0 R5.54 C0 A153.0898183
G1 X0 Y0 A154.8
G2 X5.54 Y5.54
R5.54 C9 A157.1831444
G1 X6.54 Y5.54
A157.4282425
G1 X6.54 Y5.54
A158.4282425
G1 X5.54 Y5.54
A158.6733405
G3 X0 Y0 R5.54 C0 A161.0564849
G1 X0 Y0 A162.7666667
G2 X5.54 Y5.54
R5.54 C9 A165.1498111
G1 X6.54 Y5.54
A165.3949091
G1 X6.54 Y5.54
A166.3949091
G1 X5.54 Y5.54
A166.6400072
G3 X0 Y0 R5.54 C0 A169.0231516
G1 X0 Y0 A170.7333333
G2 X5.54 Y5.54
R5.54 C9 A173.1164778
G1 X6.54 Y5.54
A173.3615758
G1 X6.54 Y5.54
A174.3615758
G1 X5.54 Y5.54
A174.6066738
G3 X0 Y0 R5.54 C0 A176.9898183
G1 X0 Y0 A177.7
G2 X5.54 Y5.54
R5.54 C9 A180.0831444
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APPENDIX C

RAW DATA

This appendix is a collection of the raw data gathered in the tests done to measure
the density, the resin percentage and fiber percentage, and the void content of the sample
parts. It also contains statistical calculations for the averages, standard deviations, and ttests for the sample parts.
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Table C1 Mass and density test results

Average
Density

Sample
mass
Lotus
R90_1A
11.16
1.908515 [90]4
R90_1B
10.997
Sample 1
R90_1C
10.941
Lotus
R90_2A
11.1590
1.943179 [90]4
R90_2B
11.225
Sample 2
R90_2C
11.219
Lotus
R45_1A
11.552
1.916372 [+-45]2
R45_1B
11.444
Sample1
R45_1C
11.448
Lotus
R4590_1A
11.063
1.983241 [90/+-45/90] R4590_1B
10.963
Sample1
R4590_1C
11.044
Lotus
R45_2A
11.531
1.940425 [+-45]2
R45_2B
11.381
Sample 2
R45_2C
11.453
Lotus
R4590_2A
11.088
1.915802 [90/+-45/90] R4590_2B
10.996
Sample 2
R4590_2C
11.091
Average
Averages

Average FW
1.903226 [90]4
Sample 1
Average FW
1.962879 [90]4
Sample 2
Average FW
1.94384 [+-45]2
Sample1
Average FW
1.905988 [+-45]2
Sample2
Average FW
1.983331 [90/+-45/90]
Sample1
Average FW
1.878265 [90/+-45/90]
Sample 2
Average

S90_1A
S90_1B
S90_1C
S90_2A
S90_2B
S90_2C
S45_1A
S45_1B
S45_1C
S45_2A
S45_2B
S45_2C
S9045_1A
S9045_1B
S9045_1C
S9045_2A
S9045_2B
S9045_2C
Averages

11.819
11.092
11.193
12.524
12.828
11.411
10.613
10.103
10.588
10.805
10.172
10.51
11.532
10.685
11.318
11.277
10.821
11.149

Mass of
displaced
water
5.835
5.823
5.728
5.5380
5.878
5.935
6.016
5.935
6.069
5.38
5.613
5.736
5.971
6.063
5.731
5.573
6.042
5.766

volume
5.820413
5.808443
5.71368
5.5242
5.863305
5.920163
6.00096
5.920163
6.053828
5.36655
5.598968
5.72166
5.956073
6.047843
5.716673
5.559068
6.026895
5.751585

Density
1.91739
1.893279
1.914878
2.0200
1.914449
1.895049
1.925025
1.933055
1.891035
2.061473
1.95804
1.930209
1.936007
1.881828
2.003438
1.994579
1.824488
1.928338

0.056155

1.9346

standard Deviation=
6.05 6.034875
5.837 5.822408
6.078 6.062805
6.497 6.480758
6.371 6.355073
5.904 5.88924
5.287 5.273783
5.244 5.23089
5.623 5.608943
5.504 5.49024
5.52
5.5062
5.538 5.524155
6.019 6.003953
5.505 5.491238
5.446 5.432385
5.811 5.796473
5.787 5.772533
6.159 6.143603

0.056155
1.95845
1.905054
1.846175
1.93249
2.018545
1.937601
2.012408
1.931411
1.8877
1.968038
1.847372
1.902553
1.920735
1.945827
2.083431
1.945494
1.874567
1.814733

0.066175 1.9296
standard Deviation=
0.066175
ttest value
0.244459
0.005001 0.357845 17.49286 0.244459
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Table C2 Resin percentage and void content test results
Crucible &
Fiber after
Crucible
ignition
%fiber
Crucible ID mass
% resin
void content
Lotus
68.691
1
60.174
23.6828
76.3172
5.69
[90]4
67.71
2
59.247
23.0426
76.9574
7.41
Sample 1
68.993
3
60.514
22.5025
77.4975
6.81
Lotus
64.82
4
56.323
23.8552
76.1448
0.49
[90]4
64.348
5
55.789
23.7506
76.2494
5.78
Sample 2
66.708
6
58.172
23.9148
76.0852
6.60
Lotus
68.892
1
60.184
24.6191
75.3809
4.52
[+-45]2
67.892
2
59.251
24.4932
75.5068
4.23
Sample1
69.16
3
60.521
24.5370
75.4630
6.28
Lotus
64.678
4
56.337
24.6045
75.3955
-2.23
[90/+-45/90]
64.105
5
55.803
24.2726
75.7274
3.18
Sample1
66.524
6
58.182
24.4658
75.5342
4.40
Lotus
69.053
1
60.184
23.0856
76.9144
5.29
[+-45]2
68.026
2
59.269
23.0560
76.9440
7.96
Sample 2
69.331
3
60.527
23.1293
76.8707
1.95
Lotus
64.82
4
56.34
23.5209
76.4791
2.04
[90/+-45/90]
64.24
5
55.807
23.3085
76.6915
10.56
Sample 2
66.703
6
58.202
23.3523
76.6477
5.43
Average
23.73
76.27
4.800
FW
[90]4
Sample 1
FW
[90]4
Sample 2
FW
[+-45]2
Sample1
FW
[+-45]2
Sample2
FW
[90/+-45/90]
Sample1
FW
[90/+-45/90]
Sample 2

69.257
67.82
69.114
65.907
65.627
66.914
68.198
66.931
68.539
64.497
63.486
66.114
68.976
67.423
69.159
64.891
64.062
66.663

standard deviation=
1
60.194
2
59.278
3
60.54
4
56.352
5
55.82
6
58.195
1
60.205
2
59.294
3
60.543
4
56.362
5
55.83
6
58.205
1
60.205
2
59.3
3
60.544
4
56.364
5
55.831
6
58.206

Average

0.65

2.959

23.32
22.99
23.40
23.71
23.55
23.59
24.69
24.41
24.48
24.71
24.73
24.75
23.94
23.98
23.88
24.39
23.93
24.15

76.6816
77.0105
76.6014
76.2935
76.4500
76.4087
75.3133
75.5914
75.5195
75.2892
75.2654
75.2521
76.0579
76.0225
76.1177
75.6141
76.0651
75.8543

3.99
6.88
9.43
4.93
0.84
4.78
0.13
4.39
6.49
2.31
8.28
5.53
5.31
4.04
-2.66
3.71
7.59
10.37

24.03

75.97

4.83

Standard Deviation=
0.54
3.27
ttest value
-1.4723438 ttest value=
-0.0291396
-0.29 3.492847 17.49285568
-0.030 18.1960722
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